The genetics of oil yield in
Melaleuca alternifolia and
Eucalyptus loxophleba by Webb, Hamish Oscar
 1 
 
 
“The genetics of oil yield in 
Melaleuca alternifolia and 
Eucalyptus loxophleba” 
 
By Hamish Webb 
 
A thesis submitted for the degree of Doctor of Philosophy of The 
Australian National University 
 
Submitted: 29/05/2015 
 
Supervisors: Carsten Külheim, William Foley 
 2 
Abstract 
 
Genetic improvement of essential Myrtaceae based oil crops is vital to 
the long-term health and profitability of Australian essential oil industries. 
Improving oil yield and efficiency is an important part of maintaining the 
competitive advantage that Australian industries currently hold over 
international competitors. Over the last 20 years, gains in oil yield have 
been made through the tea tree breeding programme, which has helped 
the industry get to where it is today. This work needs to continue to 
advance, for the health of the industry into the future. Using molecular 
techniques to facilitate this is the best way forward for the industry. 
 
To better understand how oil yield is controlled in both tea tree 
(Melaleuca alternifolia) and York gum (Eucalyptus loxophleba) within 
Australia, I first investigated whether gene expression had an effect on 
oil yield in M. alternifolia. In this study I investigated the transcript 
abundance of 13 genes (dxr, dxs2, dxs3, cmk, mcs, mct, hds, mvk, 
hmgs1, pmd1, ippi1, ippi2 and gpps) in 48 individuals that varied in oil 
yield. The expression of all genes in the pathway explained 87% (R2 = 
0.87) of variation in oil yield, These result are important in that they show 
that oil yield isnʼt just controlled by one or two genes in the biosynthetic 
pathway, but is influenced by multiple genes and that interactions 
between these genes is an important determinant of oil yield.  
 
Two genetic association studies were performed to identify variation 
within candidate genes that can be used as molecular markers in the 
respective breeding programmes of M. alternifolia and E. loxophleba. 
Both these studies identified single nucleotide polymorphisms (SNPs) 
within candidate genes that have an effect on economically important 
traits and in M. alternifolia a number of these SNPs were then 
successfully validated within the breeding programme genetic stock. The 
next step is incorporating the information generated in this thesis about 
the genetics of oil yield into the respective breeding programmes of both 
species. Doing this is likely to increase the gains in oil yield made 
through selective breeding and help secure the long-term future of these 
iconic Australian industries.  
 3 
 
Acknowledgments 
First, I would like to thank my list of supervisors who have provided 
support, guidance and instruction throughout my PhD: Prof. William 
Foley, Dr Carsten Külheim and Prof. John Hamill. I have been fortunate 
to work with such wonderful people. I deeply appreciate all the guidance, 
friendship, ideas and support they have granted me over the course of 
my PhD.  
 
I would like to thank the Rural Industries Research and Development 
Corporation (RIRDC) for generously providing me with a top up 
scholarship and for providing grants to my supervisors that funded this 
work. I appreciate the other funding that has been provided to this work 
by The Australian Tea Tree Industry Association (ATTIA) and the 
Australian research council.  
 
I am grateful to the many great people within RIRDC, ATTIA, the New 
South Wales Department of Primary Industry and the Western Australian 
Department of Environment and Conservation who have been so helpful 
and generous with their time over the years. A lot of this work would not 
have been possible without their hard work setting up and maintaining 
trial sites and their generosity putting me in touch with necessary 
contacts, granting access to field sites and assisting in the collection of 
 4 
samples on a number of occasions: Mr. Gary Baker, Mr. Tony Larkman, 
Mr. Richard Davis, Mr. Richard Mazanec, Dr Peter Grayling, Dr John 
Doran, Dr Ian Southwell and many others.  
 
I am deeply grateful to the past and present members of Dr Carsten 
Külheim and Prof. William Foleyʼs labs who have provided friendship, 
support and assistance when required over the years; Dr Amanda 
Padovan, Ms Hannah Windley, Ms Ellie Stalenberg Dr Andras Keszei, 
Dr Martin Henery, Dr Karen Ford, Dr Ian Wallace, Mr. Carlos Bustos, Mr. 
David Kainer, Dr Alan Wade, Dr Kara Youngentob, Ms Jessie Au and 
Samira Samtleben to name a few.  
 
Lastly I would like to thank my friends and family. I have been incredibly 
lucky to have such a wonderful support network and to have so many 
couches to crash on in Canberra: Mr. Peter Crisp, Mrs. Erin Crisp, Mr. 
Lee Georgeson, Mrs. Rachel Clarke, Ms Rosie McCall, Mr. Alex Du 
Pont, Mr. Carl Tidemann, Ms Sarah Angus, my sister Lucy Webb, mum, 
dad and many many others. I couldnʼt have done it without you.  
 
Lastly to Ceri, who has been the most supportive and loving partner 
imaginable. 
 
 5 
Declaration for thesis containing 
published work and/or work 
prepared for publication. 
 
This thesis contains published work and/or work prepared for 
publication, some of which have been co-authored. The author 
contribution for Chapters 1, 2 and 5 was >90% by the author of this 
thesis and <10% from the other authors. The author contribution for 
Chapters 3 was >70% with <30% contribution from the other authors. 
The author contribution for Chapter 4 was >50% with <50% contribution 
from the co-authors. The major co-author contributions in Chapter 4 
were by Amanda Padovan who did the >75% of the lab work for this 
Chapter. The author contributed >80% to the analysis and writing of the 
manuscript presented in Chapter 4.  
 
Chapter 1: “The genetic basis of foliar terpene yield: Implications 
for breeding and profitability of Australian essential oil crop” 
 
Authors: Hamish Webb, Prof. William Foley, Dr Carsten Külheim. 
 
Published: Webb, H, Foley, WJ and Külheim, C (2014). "The genetic 
basis of foliar terpene yield: Implications for breeding and profitability of 
Australian essential oil crops." Plant Biotechnology 31(5): 363-376. 
 
 6 
 
Chapter 2: “The Yield of Essential Oils in Melaleuca alternifolia 
(Myrtaceae) Is Regulated through Transcript Abundance of Genes 
in the MEP Pathway” 
 
Authors: Hamish Webb, Dr Rob Lanfear, Prof. John Hamill, Prof William 
Foley, Dr Carsten Külheim.  
 
Rob Lanfear designed and optimised the multiple regression models 
used in the analysis. Dr Carsten Külheim, Prof. John Hamill and Prof. 
William Foley supervised the work and helped prepare the manuscript 
for publication.  
 
Gary Baker provided access to the trial site used to collect the samples 
used in this chapter.  
 
Published: Webb, H, Lanfear, R, Hamill, J, Foley, WJ and Külheim, C 
(2013). "The yield of essential oils in Melaleuca alternifolia (Myrtaceae) 
is regulated through transcript abundance of genes in the MEP 
pathway." PloS one 8(3): e60631. 
 
Chapter 3: “Association genetics of essential oil traits in Melaleuca 
alternifolia: explaining variation in oil yield.”  
 
 7 
Authors: Hamish Webb1, Dr Amanda Padovan1, Prof. William Foley, Dr 
Carsten Külheim 
 
Due to an illness, the author only completed ~40% of the lab work for 
this chapter, with Dr Amanda Padovan doing the other ~60%. The 
author was responsible for DNA extractions, gene discovery, primer 
design and optimization and ~1/3 third of the PCR amplifications of the 
10 structural genes within the study population. Dr Amanda Padovan 
was responsible for the remaining PCR amplifications as well as 
barcoding and pooling the libraries for sequencing. The author did >85% 
of the analysis and writing with the other authors contributing <15%.  
 
Gary Baker provided access to the trial site used to collect the samples 
used in this chapter.  
 
This chapter has been prepared for future publication.  
 
 
Chapter 4: “Association genetics of essential oil traits in 
Eucalyptus loxophleba: explaining variation in oil yield” 
 
Authors: Dr Amanda Padovan1, Hamish Webb1, Peter Grayling, Richard 
Mazanec, Prof. William Foley, Dr Carsten Külheim. 
 
 8 
Richard Mazanec was responsible for planting and maintaining the trial 
site used in this chapter. He was also involved in the sampling of the 
site. Dr Peter Grayling ran all 430 samples through a GC and provided 
the traces needed to perform the terpene analysis in this chapter. 
Together they contributed ~10% towards the lab work and design of this 
study. Of the remaining 90% of lab work done for this chapter, the author 
contributed ~15% which included the collection of the samples (done 
with Richard Mazanec), DNA extractions, the design of some of the 
primers and the quantification of the GC traces provided by Dr Peter 
Grayling. Dr Amanda Padovan completed the remaining ~75% of the lab 
work, which included primer design, optimization of the primers within E. 
loxophleba, PCR amplification of each of the structural genes used in 
the study in the 430 individuals used, barcoding and pooling for 
sequencing. Once the lab work was completed the author of this thesis 
was responsible for >75% of the writing and analysis towards this 
chapter, with the remaining authors contributing <15%. Due to the 
significant contribution made by Dr Amanda Padovan, she will be a joint 
first author on this paper when it is published.  
 
Gavin Moran collected and provided the seed used to start the trial site 
as well as being involved in the design of the association population.  
 
This chapter has been prepared for future publication 
 
 9 
Chapter 5: “Validation of previously identified single nucleotide 
polymorphisms in Melaleuca alternifolia”  
 
Authors: Hamish Webb, Prof. William Foley, Dr Carsten Külheim.  
 
Dr Martin Henery, Dr Carsten Külheim, Dr John Doran and David Kainer 
assisted me in the fieldwork required for this chapter. David Kainer 
provided the Biopython scripts used to separate the DNA sequences by 
barcode.  
 
This chapter has been prepared for future publication.  
 
Candidate, Hamish Webb 
 
Signature 
 
Supervisor, Prof. William Foley 
 
Signature 
 
Supervisor, Dr Carsten Külheim 
 
Signature 	  	  
 10 
Table of Contents 
Acknowledgments ................................................................................ 3 
Declaration for thesis containing published work and/or work 
prepared for publication....................................................................... 5 
Table of contents…......……………………………………………….…..10 
Table of figures ................................................................................... 12 
Summary.............................................................................................. 16 
Introduction ......................................................................................... 20 
Essential oils and Australian essential oil industries ................................ 20 
Terpenes in Australian Myrtaceae ........................................................... 24 
The genetics of oil yield in Myrtaceae ...................................................... 29 
References ................................................................................................. 36 
Chapter 1: ............................................................................................ 44 
Introduction ................................................................................................ 45 
Terpenes are both primary and secondary metabolites........................... 48 
What role do terpenes play within Myrtaceae? ........................................ 48 
Variation in terpene yield and heritability of variation ............................... 50 
The terpene biosynthetic pathways in plants ........................................... 53 
The MEP pathway.................................................................................... 56 
What regulates metabolite flux through the MEP pathway?..................... 62 
MVA pathway ........................................................................................... 65 
Downstream of IPP .................................................................................. 67 
Biosynthesis of specific terpenes ............................................................. 71 
Overview and conclusions........................................................................ 74 
References ................................................................................................. 78 
Chapter 2: ............................................................................................ 88 
Abstract....................................................................................................... 88 
Introduction ................................................................................................ 89 
Materials and Methods .............................................................................. 92 
Plant Material ........................................................................................... 92 
Terpene extraction and analysis .............................................................. 93 
RNA extraction and cDNA synthesis........................................................ 94 
Primer design and Quantitative Real time PCR ....................................... 95 
Correlation and multiple regression analysis ........................................... 97 
Results ........................................................................................................ 99 
Quantitative and qualitative analysis of essential oils .............................. 99 
Transcript abundance from genes in the terpenoid biosynthesis pathway
............................................................................................................... 100 
Correlation of gene expression with quantitative variation of terpene traits
............................................................................................................... 102 
Discussion ................................................................................................ 108 
References ............................................................................................... 114 
Chapter 3: .......................................................................................... 118 
Introduction .............................................................................................. 119 
Methods and Materials ............................................................................ 122 
 11 
Plant Material..........................................................................................122 
Terpene extraction and analysis.............................................................123 
Gene discovery, barcoding of individual samples ..................................124 
Illumina sequencing and assembly.........................................................126 
SNP identification and association .........................................................128 
Results.......................................................................................................130 
Quantitative and qualitative analysis of essential oils.............................130 
Linkage disequilibrium ............................................................................131 
Association study....................................................................................132 
Discussion ................................................................................................139 
Conclusions ..............................................................................................146 
References................................................................................................148 
Chapter 4:........................................................................................... 153 
Introduction...............................................................................................154 
Materials and methods ............................................................................158 
Plant Material..........................................................................................158 
Terpene extraction and analysis.............................................................158 
DNA extraction .......................................................................................159 
Gene discovery and primer design .........................................................159 
Verification of primers and fragment amplification..................................160 
Library preparation for Illumina sequencing ...........................................161 
Illumina sequencing and assembly.........................................................162 
SNP detection and analysis....................................................................164 
Results.......................................................................................................165 
Qualitative and quantitative variation in the terpene dominated essential 
oils of E. loxophleba. ..............................................................................165 
Sequencing.............................................................................................169 
Sequence variants ..................................................................................170 
Linkage disequilibrium ............................................................................170 
Associations ...........................................................................................171 
Discussion ................................................................................................174 
Linkage disequilibrium ............................................................................175 
Association analysis and estimated breeding values .............................176 
References................................................................................................183 
Chapter 5............................................................................................ 189 
Methods.....................................................................................................194 
Populations and plant material ...............................................................194 
Quantification of foliar terpenes ..............................................................195 
DNA extraction .......................................................................................196 
Tagging and library preparation..............................................................196 
Hybridisation...........................................................................................197 
SNP detection and analysis....................................................................200 
Results.......................................................................................................203 
Quantitative and qualitative analysis of essential oils.............................203 
DNA Sequence data ...............................................................................206 
Genetic associations ..............................................................................208 
Discussion ................................................................................................216 
References................................................................................................228 
Discussion ......................................................................................... 232 
References................................................................................................250 
 
 12 
 
Table of figures 
Chapter 1 
 
Figure 1: The terpene biosynthesis pathways in plants. The Methylerythritol 
pathway (MEP), 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-
deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase (MCT), 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase (CMK), 2C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase (MCS), 4-hydroxy-3-methylbut-2-en-1-yl 
diphosphate synthase (HDS) and 1-hydroxy-2-methyl-2-(E)-butenyl 4-
diphosphate reductase (HDR) and the Mevalonate pathway (MVA), 
acetoacetyl-CoA thiolase (AACT), hydroxymethylglutaryl CoA synthase 
(HMGS), 3-hydroxy- 3-methylglutaryl coenzyme A reductase (HMGR), 
mevalonate kinase (MVK), phosphomevalonate kinase (PMK), mevalonate 
diphosphate decarboxylase (PMD). Both pathways synthesise isopentenyl 
pyrophosphate, which is converted to Dimethylallyl pyrophosphate by 
isopentyl pyrophosphate isomerase (IPPI). .............................................. 54	  
Table 1: Putative terpene biosynthesis gene numbers within a range of different 
plant species. Medicago truncatula (Barrel clover), Glycine max 
(Soybean), Arabidopsis thaliana, Citrus clementina (Clementine), 
Eucalyptus grandis (Rose gum), Vits vinfera (Grape), Zea mays (Maize) 
and Oryza sativa (rice). Source: www.phytozome.com with domain search 
for each protein. Copy numbers may be exaggerated due to the presence 
and inclusion of pseudogenes or underestimated due to restricted search 
parameters................................................................................................ 59	  
Figure 2: Biosynthesis of terpenes downstream of the MEP and MVA 
pathways. Showing the conversion of IPP into geranyl pyrophosphate 
(GPP) by geranyl pyrophosphate synthase (GPPS), geranylgeranyl 
pyrophosphate (GGPP) by geranylgeranyl pyrophosphate synthase 
(GGPPS) and farnesyl pyrophosphate (FPP) by farnesyl pyrophosphate 
synthase as well as the conversion of IPP, GPP, GGPP and FPP into 
terpenes by terpenes synthases (monoterpene synthases (mTS), 
diterpene synthases (diTS), triterpene synthases (diTS), tertraterpene 
synthases (ttTS), sesquiterpene synthases (sTS) and hemiterpene 
synthases (hTS)........................................................................................ 68	  
Chapter 2 
Figure 1: Oil distribution and scatter plots of relationships between essential oil 
and gene expression parameters. (a) Histogram of total foliar oil 
concentration in 200 families of M. alternifolia. (b) Scatter plot between 
foliar concentration of total oil and “terpinen-4-ol +”. Scatter plot showing 
the correlation between the relative gene expression of (c) cmk and gpps 
and (d) dxs2 and hds. Scatter plot showing the correlation between the 
relative gene expression and terpene concentration of (e) dxr and 
terpinen-4-ol + and (f) mcs and bicyclogermacrene. .............................. 101	  
 13 
Figure 2: Cluster analysis of terpene traits and gene expression and correlation 
matrix between terpene traits and gene expression. Genes of the MEP 
pathway are shown in yellow, those of the MVA pathway in blue. 
Downstream genes ippi and gpps are shown in green. Monoterpenes are 
shown in yellow and sesquiterpenes are shown in blue..........................103	  
Table 1: Final model for prediction of terpinen-4-ol concentrations from 
transcript levels of MEP pathway genes. ................................................106	  
Table 2: Two models (with and without outlier) for prediction of 
bicyclogermacrene concentrations from transcript levels of MEP and MVA 
pathway genes. .......................................................................................107	  
Table 3: Likelihood ratio test between two submodels and the full model that 
predict bicyclogermacrene concentrations. .............................................107	  
Chapter 3 
Figure 1: On the left the size distribution of M. alternifolia DNA fragments after 
sonication. The first four lanes show the effect of variation in the initial 
concentration of DNA. The final lane is a DNA ladder that can be used as 
a size reference. The bands in the first four lanes centre around 150 bp. 
On the right, a visualization of an M. alternifolia DNA fragments before 
(lane 1) and after barcoding (lane 2). Lane 3 contains a DNA ladder that is 
used as a measure of size. .....................................................................125	  
Table 1: Sequencing statistics for multiplexed HiSeq2000 run ......................127	  
Figure 2: Distribution of reads across the 384 individuals sequenced ...........128	  
Table 2: Average reads per site for ten candidate genes...............................129	  
Figure 3: Histograms of foliar terpene concentrations in 384 M. 
alternifolia individuals. Concentration in mg.g DM-1 of (a) Total terpenes, 
(b) terpinen-4-ol (plus precursors) (c) sesquiterpenes, (d) monoterpenes.
................................................................................................................131	  
Figure 4: Manhattan plot of p values across the SNPs used in the association 
study on a log-10 scale .............................................................................133	  
Table 3: List of significant marker trait pairs and association statistics ..........134	  
Figure 5: Examples of marker effects on phenotype a) terpinen-4-ol (plus 
precursors) concentration in the three alleles of mcs1139, b) monoterpene 
concentration in the three alleles of dxr710, c) terpinen-4-ol (plus 
precursors) percent in the three alleles of gpps64, d) sesquiterpene 
concentration in the three alleles of dxs1_427. .......................................135	  
Table 4: Significant associations by locus ......................................................136	  
Table 5: Genomic estimated breeding values for M. alternifolia individuals for 
four economically important traits: Concentration (mg.g DM-1) of total 
terpenes, terpinen-4-ol (plus precursors) and monoterpenes, as well as the 
percentage of terpinen-4-ol (plus precursors). Top ten results shown. ...138	  
 14 
Chapter 4 
Table 1: Sequencing statistics ....................................................................... 163	  
Table 2: Mapping statistics. We amplified 10 genes involved in terpene 
biosynthesis. For each gene we have presented the length in base pairs, 
the total number of reads mapping to the reference (Reads), the total 
number of base pairs mapping to the reference (Total bases (Mbp)), the 
average coverage at each position (the number of times we found a 
particular nucleotide in the reads) and the average coverage per position 
and individual (the number of times we found a particular nucleotide in the 
reads obtained from each individual). ..................................................... 164	  
Figure 1: Histograms of terpene traits in Eucalyptus loxophleba a) Histogram of 
total oil concentrations, b) histogram of 1,8-cineole concentrations, c) 
histogram of α-pinene concentrations. ................................................... 167	  
Figure 2: The relationship between key foliar essential oil characteristics of 480 
E. loxophleba plants, all concentrations in mg.g DM-1: 1,8-cineole and total 
terpene concentrations (A), α-pinene and total terpene concentrations (B) 
and 1,8-cineole and α-pinene concentrations (C). There is a line 
representing a simple linear regression and the equation of the line and 
the R2 value are shown on the chart. ...................................................... 168	  
Table 3: Number of allelic variants discovered at different minor allele 
frequencies (MAFs). ............................................................................... 170	  
Figure 3: A visual representation of the effect of some SNPs on the essential oil 
trait. The upper two rows show associations between SNPs and total 
terpene concentration, whilst the lower two rows show associations 
between SNPs and 1,8-cineole concentration. ....................................... 172	  
Table 4: List of significant marker-trait pairs and association statistics. The trait 
is an essential oil characteristic measured in concentration (mg/g dry 
weight). The position of the sequence variant is described as contig (or 
gene) and nucleotide position in the reference sequence (Marker). ....... 173	  
Chapter 5 
Table 1: Coordinates of the seven populations that make up the GT sampling 
as well as the coordinates for the Wagga Wagga site (WW sampling). . 195	  
Figure 1: All concentrations mg.g DM-1 a) distribution of total terpene 
concentration across all samples, b) distribution of monoterpene 
concentrations across all samples c) correlation between monoterpenes 
and total terpene concentrations across all samples, d) correlations 
between total terpene concentrations and sesquiterpene concentrations 
across all samples e) total terpene concentrations in WW, f) terpinen-4-ol 
+ concentrations in WW, g) correlation between terpinen-4-ol + and total 
terpene concentrations in WW, h) correlations between monoterpene 
concentration and total terpene concentration in WW. ........................... 205	  
 15 
Figure 2: Mean difference in oil yield between improved Chemotype 1 (WW 
sampling) and unimproved Chemotype 5, p=<0.0001 and between the 10 
highest yielding individuals from each Chemotype, p=0.0017. ...............206	  
Table 2: Average coverage per position across all samples and across the four 
separate hybridization libraries. ..............................................................207	  
Table 3: The estimated effect sizes and corresponding p and q values of the 
associations between mcs1139/1213 and terpene traits in the Chapter 3 
study (MLM1) and this study (MLM2)......................................................210	  
Table 4: Allele frequencies of the three mcs1139/1213 alleles in the Chapter 3 
study, the WW sampling, the GT sampling, in each of the separate 
populations sampled for the GT sampling and in the six Chemotypes 
present in the GT sampling .....................................................................210	  
Figure 3: Box plots showing the association of mcs1139/1213 with terpinen-4-
ol + concentration in the original association (left) and this association 
(right). ......................................................................................................211	  
Table 5: Significant associations after multiple hypothesis testing in the original 
MLM from Chapter 3 (1) and the GLM in this study, q value <0.1 (2). In 
total 30% of the SNP/trait associations identified in 1 were also identified in 
2 (17% if mcs1139/1213 is excluded). ....................................................211	  
Table 6: Significant association from the original MLM in Chapter 3 (1) and 
from the MLM in this study with a p value cut of <0.05 and no adjustments 
for multiple hypothesis testing. In total 19% of the SNP/trait associations 
identified in 1 were also identified in 2 (7.7% is mcs1139/1213 excluded).
................................................................................................................212	  
Table 7: List of the best marker trait pairs (both MLM and GLM models) in the 
WW sampling the MLM and GLM using the SNPs identified in Chapter 3
................................................................................................................214	  
Table 8: List of the best marker trait pairs and association statistics for three 
MLM models looking at all SNPs (MAF >0.05) in the GT sampling, the WW 
and across all individuals included in the study.......................................215	  
 16 
Summary  
Genetic improvement of essential Myrtaceae-based oil crops is vital to 
the long-term health and profitability of Australian essential oil industries, 
which are amongst the biggest producers in the world. Improving oil 
yield and efficiency is an important part of maintaining the competitive 
advantage that Australian industries currently hold over international 
competitors. Over the last 20 years, gains in oil yield have been made 
through the tea tree breeding programme, which has helped the industry 
get to where it is today. This work needs to continue to advance, for the 
health of the industry into the future. Using molecular techniques to 
facilitate this is the best way forward for the industry. 
 
Recent advances in understanding how plants synthesize the 
components of essential oils provides new tools for industries to improve 
the yield and quality of their product. Much of the application of these 
new tools has been to longstanding crops such as mint (Lamiaceae) and 
this has led to dramatic improvements in yield of oils and in other 
desirable traits (e.g. reduction in undesirable components and double-
cutting). These new discoveries are being applied to a range of other 
crops including citrus.  
 
Several tentative conclusions can be drawn from work on other species. 
Changes in the profile of essential oils are caused by variations in 
 17 
enzymes that complete the last step in terpene synthesis. These all 
belong to the gene family known as terpene synthases. Small sequence 
differences between these genes can be responsible for qualitatively 
different oils. Changes in the yield of oils are due to the availability of 
precursors. This is determined by variation in a handful of genes that 
partition these precursors between different biochemical pathways.  
 
 
To better understand how oil yield is controlled in both tea tree 
(Melaleuca alternifolia) and York gum (Eucalyptus loxophleba) within 
Australia, I first investigated whether gene expression had an effect on 
oil yield in M. alternifolia. In this study I looked at the expression of 13 
genes (dxr, dxs2, dxs3, cmk, mcs, mct, hds, mvk, hmgs1, pmd1, ippi1, 
ippi2 and gpps) in 48 individuals that varied in oil yield. The expression 
of individual genes explained differing amounts of variation in oil yield 
(e.g. dxr R2 = 0.337). Most strikingly though, the expression of all genes 
in the pathway explained 87% (R2 = 0.87) of variation in oil yield. 
Interestingly, the data also suggested that a large proportion of the 
precursors for sesquiterpene biosynthesis originated in the chloroplast 
and that chloroplast to cytosol transport of precursors most likely occurs 
in the species. These result are important in that they show that oil yield 
isnʼt just controlled by one or two genes in the MEP pathway, but is 
influenced by multiple genes within the pathway and that interactions 
between these genes is an important determinant of oil yield.  
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I then performed two association studies. The first in M. alternifolia 
sequenced 10 genes (dxs1, dxs2, dxr, mct, mcs, hdr, hds, gpps, ippi1 
and ippi2) in 378 individuals. The second in E. loxophleba sequenced 11 
genes (dxr, dxs1, dxs2, mcs, mct, hds, hdr, ippi1, ippi2, gpps and ggpps) 
in 430 individuals. In M. alternifolia I identified 23 unique SNPs that 
correlated with various oil traits. These SNPs explained between 2 and 
9% of variation in the traits with which they correlated. A number of 
these SNPs were later validated, proving that they have a real effect on 
economically important terpene traits. In E. loxophleba I identified 36 
unique variants that were correlated with various oil traits. These SNPs 
explained between 2.4 to 11.1 % of variation in the traits with which they 
correlated. In both these studies the SNPs identified were in various 
genes across the MEP pathway. I later validated a number of the SNPs 
identified in M. alternifolia within the tea tree breeding programmes 
genetic stock, confirming that several of the SNPs that we identified 
have a significant effect on yield in a number of economically important 
terpene traits within this population. Together these studies provide 
useful information for industry, which can be built upon and incorporated 
into the prospective breeding programmes for each species. Doing this 
is likely to increase the gains in oil yield made through selective breeding 
and help achieve the over-riding industry aims of this project.  
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Broadly, all three studies emphasize the importance of variation across 
the MEP pathway in determining flux through the pathway in Myrtaceae. 
Of particular interest is the little studied gene mcs. Its expression was 
important in determining oil yield in M. alternifolia and numerous 
unlinked SNPs within the gene were correlated with oil yield in both M. 
alternifolia and E. loxophleba. Most work on flux through the terpene 
biosynthesis pathways to date has focused on the first and last two 
steps in the pathway. The intermediate genes have, by and large, not 
been investigated in most previous studies. Our results suggest that at 
least in Myrtaceae, the intermediate genes can be important 
determinants of oil yield. The questions raised about the role of mcs are 
an important part of this work. Future work in Myrtaceae, as well as 
model species, should investigate the potential mechanisms by which 
mcs effects oil yield. At the very least, mcs is another potential target for 
genetic engineering in crop and model species and an important target 
gene for crop improvement in Myrtaceae.  
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Introduction 
Essential oils and Australian essential oil industries 
Essential oils are well-known products of the Australian flora and are a 
significant contributor to the economy, particularly in rural and regional 
areas. Essential oils have a number of different medicinal and industrial 
uses, including being used in skin care products, cleaning products, anti-
fungals, anti-bacterials and insecticides (Isman et al. 2000, Burt 2004, 
Edris 2007, Bakkali et al. 2008, Nerio et al. 2010). Australia has 
significant competitive advantages in the production of several of these 
oils, even though other countries have obtained seed and are growing 
the plants. However, these advantages cannot last unless the industry 
continues to improve their products (both in terms of quality and 
efficiency, i.e. yield). The use of modern breeding technology based on 
an understanding of the genes and pathways leading to the final 
products opens up the possibility of earlier and more targeted selection 
of favourable material. Molecular approaches are already being used in 
established essential oil crops such as mint and citrus (Novak 2006, 
Kumar et al. 2008, Machado et al. 2011, Ali et al. 2013, He et al. 2013). 
Technological advances over the last decade, mainly in DNA 
sequencing, mean that genomic techniques can now be applied to 
smaller less-established industries, such as the tea tree oil and 
Eucalyptus oil industries.  
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Essential oil crops are not just economically important, but are also a 
sustainable crop that gives farmers options for diversification (Carrubba 
et al. 2009). There are many important benefits of diversification, 
including lower risks and higher income stability. In the case of essential 
oil crops, they can often be grown on marginal land, allowing for better 
exploitation of land resources. This can occur at the same time as the 
provision of important ecosystem services (Bartle and Abadi 2009) and 
increased biodiversity on farms (Shea 2003).  
 
Given the important economic and environmental roles essential oil 
crops can play, they are an important part of Australiaʼs future. 
Myrtaceae-based essential oil crops are unique compared to most other 
essential oil crops in that they are a tree crop with long generation times. 
The Australian essential oil industries, such as the tea tree and 
Eucalyptus oil industries originally relied on harvesting wild material. 
Improved farming methods led to the establishment of plantations, using 
the best wild material available. In the last 20-30 years these crops have 
been partly domesticated, as the industries have grown and the inherent 
variation in natural stocks has been better appreciated. 
 
The tea tree industry is the most mature Australian essential oil crop, 
having been established for over 100 years. It has been through a 
number of cycles of boom and bust over the last 30 years. The industry 
originally started through wild harvesting of “good” populations, utilising 
 22 
the large amount of natural phenotypic variation found between wild 
populations (Butcher et al. 1994, Homer 2000). It was trees from these 
“good” populations that were first chosen for plantations. Since the 
inception of the tea tree breeding programme in 1993, oil yields have 
increased from 148 kg/ha to 250 kg/ha (Baker et al. 2010). This has 
been achieved in just four generations of selection, with the tea tree 
breeding programme only releasing its 4th generation of improved seed 
to industry in 2007. This highlights how slow the process of 
domestication in tree crops can be and the potential for molecular 
breeding techniques to increase efficiency and streamline the breeding 
programme to further increase gains in yield.  
 
A group of Eucalyptus species known as “oil mallees” form the backbone 
of the Australian Eucalyptus oil industry. The main aim of the industry is 
to produce oils rich in 1,8-cineole. The roots of the industry are the same 
as that in tea tree, with harvesting of wild stands taking place for over 
150 years and the eventual establishment of plantations. Oil mallees are 
particularly important as a means of managing rising soil water tables 
and accompanying salinity. As a crop they can provide other benefits to 
farmers including carbon sequestration and bio-energy (Shea 2003, 
Bartle and Abadi 2009). One of the hurdles to getting this embryonic 
industry established is that it is currently almost entirely reliant on “wild” 
genetic material, which has not been improved through breeding. 
Improving the quality and yield of any of these products will help 
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increase the benefits to landholders, through increased profitability, and 
thus encourage more plantings.  
 
Today both tea tree and Eucalyptus oils contribute significantly to the 
economic health of rural and regional Australia. Added to this, the ability 
of Eucalyptus oil mallees to regenerate through coppicing means they 
also act as carbon sinks, sequestering carbon in the roots and soil while 
providing a return to farmers through above ground biomass (Shea 
2003). Maintaining the health of these industries is important for 
Australia, both socially and economically. There are however, significant 
risks that more forward thinking competitors may overtake these 
homegrown Australian industries.  
 
Maintaining competitive advantages in the face of low labour costs 
elsewhere is a particular challenge and Australian producers need to 
have access to break-through technology that enables them to continue 
to maintain higher prices by producing a higher quality product. The 
work reported in this thesis utilises cutting edge molecular breeding 
methods to identify genetic markers that are associated with higher 
yields of oil in the oil mallee Eucalyptus loxophleba and in medicinal tea 
tree (Melaleuca alternifolia). This is likely to provide significant value to 
industry and help these industries maintain their current status as world 
leaders. Combined with new advances in the understanding of the 
biosynthesis of terpenes, this work will also open up new unexplored 
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territory for improving crops and potentially help industry access new 
markets.  
 
Terpenes in Australian Myrtaceae 
The family Myrtaceae is widely known for its terpene-dominated foliar 
oils (Boland 1991, Coppen 2003, Keszei et al. 2008). These oils are 
highly variable both quantitatively and qualitatively both between and 
within species. Quantitative variation in terpene production in Myrtaceae 
is common and the variation within species can often be large. In blue 
mallee (Eucalyptus polybractea), total foliar terpene concentration varies 
from 0.7% DM to 13% DM, almost a 20-fold difference (King et al. 2006) 
and in Melaleuca alternifolia total foliar terpene concentration varies from 
2.5% DM to 14.5% DM (Butcher et al. 1994, Homer et al. 2000).  
 
Terpenes are classified as hemi-, mono-, sesqui-, di-, tri- and 
tetraterpenes. Each of these represents the size of carbon chain they 
are synthesized from, 5, 10, 15, 20, 30 and 40 carbon atoms, 
respectively. Terpenes are the most diverse and well-characterized 
group of plant secondary metabolites, with over 20,000 characterized 
unique compounds (Degenhardt and Gershenzon 2003).  
 
Myrtaceae species store terpenes in sub-dermal secretory cavities (oil 
glands) within the leaves (Goodger et al. 2010, Goodger and Woodrow 
2010, Goodger and Woodrow 2012, Heskes et al. 2012). These cavities 
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grow and fill as the leaf matures (Goodger et al. 2010, Goodger and 
Woodrow 2010, Goodger and Woodrow 2012, Heskes et al. 2012, 
Heskes 2014) and there are large changes in the terpene profile of the 
oil glands across the ontogeny of the leaf (Goodger et al. 2012, 
Goodger et al. 2013, Borzak et al. 2015). The growth of these cavities 
may constrain oil yield, with the correlation between total cavity volume 
and foliar terpene concentration in E. polybractea being about 96% 
(Goodger and Woodrow 2012).  
 
Most of the studies of terpenes in Myrtaceae done to date have 
extracted terpenes from the leaf by steam or ethanol extraction. These 
measures, either directly or indirectly look at the constitutive terpenes 
held in the secretory cavities. A major gap in our knowledge is the pool 
of terpenes that are not stored in the secretory cavities and which 
contribute to emitted volatiles (Bustos et al. in revision). Only a handful 
of studies have measured terpene emissions in Myrtaceae (Zabaras et 
al. 2002, Zini et al. 2002) and some hitherto unknown compounds have 
been identified. The emitted terpenes may represent an entirely different 
pool that is not representative of the constitutive terpenes (Altenburger 
and Matile 1990, Guenther et al. 1991, Gershenzon et al. 2000, He et al. 
2000a, 2000b). More work is needed to investigate the conditions under 
which terpenes stored in the oil glands are emitted or metabolized by 
the plant. Are stored terpenes purely acting as a constitutive defence or 
do they play other roles within the plant? Are emitted terpenes the same 
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as the terpenes stored within the oil glands? Until further work is done, 
this remains a topic that is poorly understood.  
 
Most terpenes act as secondary metabolites and are known to perform a 
number of important roles within plants, mediating plantsʼ interactions 
with their environment. Among the ecological roles terpenes play in 
mediating plant-environment interactions are: acting in pollinator 
attraction (Giamakis et al. 2001, Pichersky and Gershenzon 2002), 
direct defence against insect and vertebrate herbivores (Gunderson et 
al. 1985, Edwards et al. 1990, 1993, Hume and Esson 1993, Stone and 
Bacon 1994, Lawler et al. 1999, Barre et al. 2003), indirect defence 
against herbivores by attracting herbivore parasites (Giamakis et al. 
2001), allelopathic agents (Alves et al. 2004, Verdeguer et al. 2009), 
anti-fungal agents (Eyles et al. 2003), cues to indicate the presence of 
other toxins (Lawler et al. 1999) as well as helping plants deal with 
abiotic stressors such as oxidative and thermal stress (Loreto et al. 
1998, Vickers et al. 2009). While the role certain compounds play in 
some ecological systems is well understood, far less work has focused 
on the effect quantitative variation has on those interactions. In some 
situations quantitative variation plays an important role, for example in 
lodgepole pine (Pinus contorta), in which higher foliar concentrations of 
the monoterpene 3-carene confer increased resistance to attack by the 
Douglas fir pitch moth (Synanthedon novaroensis) (Rocchini et al. 2000). 
Similarly, in sitka spruce (Picea sitchensis), 3-carene concentrations are 
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associated with resistance to white pine weevils (Pissodes strobi) (King 
et al. 2004). In sitka spruce the mechanism by which foliar terpene 
concentrations are controlled is partly understood, with a probable gene 
duplication controlling variation in 3-carene concentrations (Hall et al. 
2011). Variations in terpene concentrations also play a role in plant 
defence against herbivores in a number of other species (Zou and Cates 
1997, Latta et al. 2003, Emrick et al. 2008).  
 
A number of hypotheses have been proposed regarding the role of 
terpenes in Australian ecosystems. For example, it has been proposed 
that fire is a factor in shaping continent wide concentrations of terpenes 
in Myrtaceae. Steinbauer (2010) argued that terpene-poor species 
dominate in the fire-prone north and terpene-rich species the milder 
southern fire zones. However, this hypothesis has recently been 
challenged by Clarke et al. (2014), who showed that there was no 
difference in the flammability of fire-prone Eucalyptus forests and 
infrequently burnt temperate rainforests, suggesting that terpenes play a 
minor role, with more important traits being crown openness and 
microclimate.  
 
Terpenes (primarily isoprene) also play direct roles within the plant by 
ameliorating abiotic stress. In poplars and tobacco (as well as other 
species) terpenes have been shown to play a major role in helping 
plants deal with both heat stress and oxidative damage (Sharkey and 
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Singsaas 1995, Singsaas et al. 1997, Loreto et al. 1998). Transgenic 
poplars show decreased heat tolerance when the expression of isoprene 
synthase genes is depressed (Behnke et al. 2007). Similarly, transgenic 
tobacco modified to emit isoprene shows a slight increase in tolerance to 
heat stress and a large increase in tolerance to oxidative stress and 
oxidative damage (Vickers et al. 2009). This line of enquiry deserves 
more attention in Australian Myrtaceae given the ubiquity of terpenes 
within the family. Eucalypts have the highest number of isoprene 
synthase genes and the highest number of terpene synthase genes in 
any sequenced plant (Myburg et al. 2014, Külheim et al. in print). 
Understanding the role terpenes play in combating abiotic stressors 
within the family could help us better understand the selective pressures 
that have led to the qualitative and quantitative diversity of terpenes 
seen within the family in Australia.  
 
Given the spectre of climate change, an understanding of the role that 
terpenes play in combating abiotic stressors may have economic 
consequences. Industries such as the tea tree oil, Eucalyptus oil and 
plantation forestry industries rely on Myrtaceous species. These 
industries will most likely be negatively affected by climate change in the 
long term. If terpenes are in fact playing a role in combating abiotic 
stressors, it is possible that a better understanding of the role they play 
may be able to lessen those potential effects. For example, do plants 
that emit higher concentrations of volatiles perform better under 
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predicted climatic conditions? How do we select for and grow the trees 
that are most suited to those conditions? Answering these questions 
may lead to being able to select “better” trees for specific environments, 
which will help industry adapt to change and maintain profitability as the 
effects of climate change are felt. It will also help governments save 
money on re-vegetation programs and help maintain biodiversity. The 
work described in this thesis is a small step towards that goal, because it 
identifies how quantitative variation in essential oils is controlled.  
 
The genetics of oil yield in Myrtaceae 
Significant previous work in Myrtaceae and other forest trees focussed 
on estimating the narrow sense heritability of terpene concentrations 
(Griffin et al. 1988, Doran and Matheson 1994, Chambers et al. 1996, 
Osorio et al. 2001, Andrew et al. 2005, 2007, Doran et al. 2006). Overall 
heritability of terpene concentrations has universally been high (narrow 
sense heritability between 0.6 - 0.9, Hanover 1966a, 1966b, Franklin 
and Snyder 1971, Rockwood 1973, Doran and Matheson 1994, Han and 
Lincoln 1994, Andrew et al. 2007). High heritability has been observed 
for specific terpenes e.g. foliar 1,8-cineole concentrations in Eucalyptus 
kochii (Barton et al. 1991), and Eucalyptus melliodora (Andrew et al. 
2005), as well as total foliar terpene concentrations in Eucalyptus 
camaldulensis (Doran and Matheson 1994) and Melaleuca alternifolia 
(Doran et al. 2006).  
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Numerous QTL and crossing studies have also been carried out in the 
family, which have succeeded in identifying SNPs and QTLs that 
correlate to a number of commercially important traits, most commonly 
wood traits, but also terpenes (Wood traits: Grattapaglia et al. 1995, 
Grattapaglia et al. 1996, Missiaggia et al. 2005, Thumma et al. 2005, 
Freeman et al. 2008, 2009, Shephard et al. 2008, Thumma et al. 2010, 
Hudson 2012: Terpene traits: Shephard et al. 1999, Henery et al. 2007, 
Külheim et al. 2011, OʼReilly-Wapstra et al. 2011). Despite the 
dominance of eucalypts in Australia, most work on genetics of complex 
traits such as wood has been done in Brazil and South Africa where 
Eucalyptus is the dominant hardwood in plantations. The research effort 
has achieved gains in various wood and growth traits, as well as helping 
combat diseases such as Myrtle rust.  
  
Until the work described in this thesis, there had not been a comparable 
effort put into researching the genetics of oil yield in Australian essential 
oil crops. Previous attempts to identify genes within the terpene 
biosynthesis pathways have had limited success (Shelton et al. 2002a). 
Until relatively recently, the extent of our knowledge of the biosynthetic 
pathway within Myrtaceae was just a few fragments of putative terpene 
synthase (TPS) genes (Shelton et al. 2004) and a few large QTLs that 
had an effect on oil composition (Shephard et al. 1999, Henery et al. 
2007). More recently, many more putative TPS genes have been 
identified (Keszei et al. 2010, Myburg et al. 2014, Kulheim et al. 2015 in 
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print) and a handful of studies have successfully characterised TPS 
genes from the family (e.g. Padovan et al. 2010). The recent Eucalyptus 
genome project (Myburg et al. 2014, Külheim et al. in print) highlights the 
diversity of TPS genes within the Myrtaceae family, identifying the 
highest number of putative TPS genes in any plant yet sequenced. This 
suggests that some of the phenotypic diversity in the “terpenome” of 
Eucalyptus is reflected in the diversity of the terpene synthases. 
However, no genes likely to be involved in post-modification of products 
of terpene synthases (e.g. cytochrome P450s) have yet been 
characterized from Eucalyptus.  
 
Even less progress had been made on the genetics of oil yield. A few 
recent studies identified several QTLs that explained some variation in 
terpene composition and oil yield (Henery et al. 2007, Külheim et al. 
2011, OʼReilly-Wapstra et al. 2011). For example, Külheim et al. (2011) 
identified SNPs within the genes hdr and hds in E. globulus, which were 
associated with variation in concentration of 1,8-cineole. However, 
existing knowledge is piecemeal and has not been done in species 
grown specifically for their essential oils. Thus, this previous work has 
only been of very limited use to industry.  
 
This thesis is the first study to systematically look at the genetics of 
terpene yield in Myrtaceae. It is the biggest effort yet made to catalogue 
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the genes and genetic variation that underlie variation in oil yield within 
the family. While the genes in the terpene biosynthesis pathways are 
well know from model species, our understanding of what influences 
variation in oil yield is still deficient. This is especially so in wild 
populations and emerging crops such as M. alternifolia and E. 
loxophleba. Most of what is known about the control of flux through the 
terpene biosynthesis pathways comes from transgenically modified 
model species. This work has revolutionised our understanding of the 
terpene biosynthesis pathways, but is of limited use to Australian 
essential oil industries that still largely rely on wild-type material. The two 
species chosen for this study are both grown commercially for their 
essential oils, meaning that the results of this thesis can be utilised by 
industry for direct financial gain.  
 
While not directly addressed in this thesis, an understanding of the 
genetics of oil yield is also a small step towards an improved 
understanding of how quantitative variation in oil traits changes 
ecological interactions and the role quantitative variation plays in helping 
plants combat herbivores and abiotic stressors such as heat stress. 
Long term, addressing these questions may be important both 
environmentally and economically.  
The up-regulation of genes within the MEP pathway (primarily dxs and 
dxr) through transgenic manipulations is well known to increase flux 
through the pathway and thus oil yields. However, up until this work, the 
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expression of genes within the MEP pathway had not been investigated 
in Myrtaceae or in any wild populations. Added to this, very little work 
had been done of the role that intermediate genes within the pathway 
(cmk, mct and mcs) have on oil yield. To address this gap in the 
literature, I looked at the effect that expression of MEP pathway genes 
had on oil yield in M. alternifolia.  
 
Much of the early forest genetics research in Myrtaceae relied on QTL 
mapping to identify regions of the genome that are correlated with 
particular traits. There are however several drawbacks of using this 
approach, (i) low levels of LD in forest trees mean a very large number 
of markers are needed to adequately cover the genome, (ii) QTL 
mapping requires a long time to complete because mapping populations 
need to be created using controlled crosses, (iii) QTL maps focus on a 
very narrow genetic base with only a few allelic variants represented and 
(iv) the loci detected are only useful in restricted pedigrees. To get 
around these constraints I chose to use candidate gene association 
studies to identify markers that could be used in the breeding 
programmes of both species.  
 
Association studies (linkage disequilibrium mapping) address many of 
the constraints faced by QTL mapping: (i) they can be carried out using 
wild populations of trees with no need for restricted pedigrees, (ii) they 
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produce markers that are useful across the whole breeding population, 
not just in restricted pedigrees, (iii) the markers that are identified are 
located in the gene of interest and often at the nucleotide that changes 
the function of the gene, (iv) they can be completed in a fraction of the 
time of a QTL study. It must be noted that to be successful, there must 
be good background information on the extent of linkage disequilibrium 
in the population and any structure (both population and chemical) must 
be accounted for before analysis. Several candidate gene association 
studies have been conducted within the Myrtaceae family to date, with a 
moderate amount of success. Most of these have focussed on wood 
traits such as microfibril angle, with one previous study including a range 
of essential oil traits (Terpene traits: Külheim et al. 2011: Wood traits: 
Denis et al. 2012, Dillion et al. 2012, Thavamanikumar et al. 2014). 
 
A candidate gene approach was chosen because, when this project 
began, the cost of sequencing was still too high to allow the possibility of 
whole genome sequencing. To reduce the amount of sequencing, the 
approach was to rely on candidate genes that had been identified by my 
gene expression studies and also through studies of the biosynthesis of 
essential oils in other plants. Even five years ago the modest approach 
used here, sequencing 10 -20 genes in 400+ individuals, would have 
been prohibitively expensive in crops such as tea tree and oil mallees.  
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Finally, recognizing the growing importance of genomic selection in plant 
breeding, I estimated genomic estimated breeding values (GEBV), which 
can be utilised by industry to choose the “best” trees for future breeding. 
 
Utilising the data generated in this thesis within the breeding programs 
will make both the tea tree oil and Eucalyptus oil industries world leaders 
among small and emerging crops and give both a large advantage over 
international competitors. It will help further advance those industries, 
promoting growth and providing a good return on investment. In both 
cases doing so is vitally important for the long-term health of the 
industries. Without the use of the best technologies available and 
without a continued research effort, both industries face potentially being 
overtaken by international competitors, who understand the importance 
of research in driving crop improvement and development. The 
plantation Eucalyptus industry in places like Brazil and South Africa 
should act as both a guide and a warning to essential oil industries in 
Australia.  
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Chapter 1: 
 
The genetic basis of foliar terpene yield: 
Implications for breeding and profitability of 
Australian essential oil crop. 
 
Abstract  
The family Myrtaceae is known for its high foliar terpene concentrations 
as well as significant qualitative and quantitative variation in foliar 
terpenes between taxa, populations and individuals. To date, few studies 
have investigated the genetic and biochemical processes, which 
underlie this variation, much of which is known to be under genetic 
control. Differences in yield are both ecologically and commercially 
important and a better understanding of its basis will allow a greater 
understanding of Australian ecosystems, as well as improve commercial 
viability of essential oil industries. Over the past decade a good 
understanding of the genes involved in terpene biosynthesis has 
developed in other species and several important regulatory steps have 
been identified. Much of this work has been done in transgenic plants, 
so our understanding at a molecular level is strong. Nonetheless, it 
remains unclear if these processes are transferrable to wild populations, 
or indeed how ecologically important quantitative variation in terpenoids 
arise and are maintained in natural ecosystems. In this review we 
summarize what is known about terpene biosynthesis and the control of 
flux through the terpene biosynthetic pathways. Then we argue that this 
platform of work provides a great resource for Myrtaceae, as well as 
other plants, to identify candidate genes that control flux through the 
biosynthetic pathways and how this will inform further studies into the 
ecological implications of quantitative variation of terpenes. Work into 
terpene biosynthesis would also provide a framework to improve the 
profitability of essential oil crops.  
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Introduction  
 
Myrtaceae is characterized by the frequent presence of aromatic 
essential oils in leaves, buds, fruits and stems and occasionally bark. 
These oils are mostly complex mixtures of mono- and sesquiterpenes. 
The family is also known for the significant qualitative and quantitative 
variations seen between taxa, populations and individuals (Keszei et al. 
2008). Previously, there has been significant effort in cataloguing the 
chemical diversity found within the family (Boland et al. 1991, Brophy et 
al. 2013, Padovan et al. 2013), but it is only recently that the genetics 
and biochemical process that underlie this variation have begun to be 
investigated.  
 
Most work to date has focused on identifying genes coding for terpene 
synthase enzymes (TPS), which are responsible for much of the 
chemical diversity seen in the terpene profiles of Myrtaceae (Keszei et 
al. 2010). Related genomic analysis has shown that the genome of 
Eucalyptus grandis contains more putatively functional TPS enzymes 
than any other plant that has been sequenced to date (Myburg et al. 
2014). TPS enzymes have been characterized in other species of 
Myrtaceae (mainly Melaleuca), which make both ecologically and 
commercially important compounds. For example, three terpene 
synthases that are responsible for the biosynthesis of the three main 
terpenes in Melaleuca alternifolia have been identified and 
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characterized, including the terpene synthase that makes sabinene 
hydrate, the precursor to commercially valuable terpinen-4-ol in this 
species (Keszei et al. 2010). Foliar terpenes give eucalypts and other 
Myrtaceae their characteristic odour and also act as mediators of many 
ecological interactions. These include deterrents to insect herbivores 
(Edwards et al. 1990, 1993, Stone and Bacon 1995), attractants and 
repellents to vertebrate herbivores (Hume and Esson 1993, Southwell 
1978), cues that indicate the presence of other more toxic secondary 
metabolites (Lawler et al. 1999) and attractants for parasitoids and 
pollinators (Giamakis et al. 2001). Although variation in TPS genes can 
give rise to distinct terpene profiles, they are thought to have limited 
influence (other than via kinetic constraints) on the quantitative variation 
in foliar terpene concentrations seen within Myrtaceae (or indeed other 
plants). Similarly there is little understanding of how genetic variation 
interacts with environmental effects to produce variation in foliar terpene 
concentrations between species and individuals (Andrew et al. 2010).  
 
Quantitative variation in foliar terpene concentration is significant to 
industry as Australia produces essential oils from a number of species of 
Eucalyptus and Melaleuca. Currently essential oil industries rely 
primarily on improved wild plants, because the generation times involved 
with forest trees make selective breeding a slow and costly process. For 
example, the tea tree breeding programme, which has been running 
since 1993, only released second-generation seed to the industry in 
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2007 (Baker et al. 2010). Despite this, the tea tree breeding has made 
large gains in oil yield, increasing it from 148 kg ha−1 to 250 kg ha−1 
(Doran et al. 2006). However, natural variation in wild tea tree 
populations suggests that there is potential for far greater gains to be 
made, with some wild individuals having foliar terpene concentrations 
almost double that of the mean for improved tea tree stock (Butcher et 
al. 1994, Homer et al. 2000). In addition, terpenes are one of a number 
of economic products being developed from oil mallees (e.g. Eucalyptus 
polybractea and E. loxophleba), which are used to regenerate salt-
affected land in Western Australia. Understanding the genetics and 
biochemical processes that underlie quantitative variation can provide 
Australian essential oil industries with a significant competitive 
advantage over overseas competitors. Vast libraries of wild functional 
variants occur in natural populations that can be exploited by industry to 
fine tune and improve essential oil yield and profile. Research and 
development in this area has the potential to vastly improve gains in oil 
yields within these industries. Simultaneously, it will help industry 
achieve those gains in a shorter time and more cost effectively. In the 
long term, access to these resources will be an important part of 
maintaining the competitive advantage that Australian essential oil 
industries have developed over the past 20 years through access to 
better natural and improved germplasm.  
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Terpenes are both primary and secondary metabolites  
Terpenes are a highly diverse group of plant secondary metabolites, with 
more than 20,000 characterized, unique compounds (Degenhardt and 
Gershenzon 2003). Although terpenes are primarily known as secondary 
metabolites, they play a number of roles in primary metabolism as 
hormones (e.g. abscisic acid), photosynthetic pigments (e.g. 
carotenoids) and electron carriers (e.g. ubiquinone) (McGarvey and 
Croteau 1995). Terpenes are involved in mediating a number of 
important ecological interactions, such as directly in pollinator attraction, 
alleopathic and antifungal agents, which allow plants to cope with abiotic 
stressors, as well as indirect defence against herbivores. Quantitative 
variation in terpene concentration has been shown to have an important 
role in many of these interactions (Emerick et al. 2008, Hall et al. 2011, 
King et al. 2004, Latta et al. 2003, Rocchini et al. 2000, Zou and Cates 
1997). 
 
 
 What role do terpenes play within Myrtaceae?  
The ecological role of terpenes in Australian Myrtaceae is poorly 
understood, with only a handful of studies showing their significance 
(see Introduction). Several further ecological roles have been suggested 
to explain the variation seen across the landscape. These include the 
suggestion that terpenes enhance fire in eucalypt forests in Australia, 
since foliar concentrations vary latitudinally in relation to fire frequency, 
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with terpene-poor (particularly cineole) species in the fire prone north 
and terpene-rich species in the less fire prone south (Steinbauer 2010). 
Although not specifically explored in Myrtaceae, there is evidence from 
other families and species that terpenes are involved in resistance to 
heat stress and oxidative damage from other abiotic stressors (Loreto et 
al. 1998, Sharkey and Singsaas 1995, Singsaas et al. 1997). For 
example, transgenic poplars showed decreased heat tolerance when the 
expression of isoprene synthase genes was depressed (Behnke et al. 
2007). Similarly, transgenic Arabidopsis showed significant increase in 
heat tolerance when over-expressing an isoprene synthase derived from 
poplar (Sasaki et al. 2007) and transgenic tobacco modified to emit 
isoprene showed a small increase in tolerance to heat stress and a large 
increase in tolerance to oxidative stress and oxidative damage (Vickers 
et al. 2009). Eucalyptus species are some of the highest emitters of 
isoprene of any plant (He et al. 2000) and E. grandis has one of highest 
number of putative isoprene synthase genes in any sequenced plant 
(Grattapaglia et al. 2012). Specific experiments are needed to test the 
hypothesis that the isoprene and monterpene emissions in Myrtaceae 
have evolved in response to oxidative and heat stress. With such an 
abundance of terpenoids in Australian environments, this area deserves 
more study, especially given the potential impacts of climate change on 
forest industries. For example, with rising global temperatures will plants 
that emit higher concentrations of volatiles be advantaged? It is here that 
understanding the role that quantitative variation plays in relation to 
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ecological interactions, herbivory and resilience to abiotic stressors has 
the potential to provide large economic benefits, not just in essential oil 
industries but in other forest dependent sectors such as plantation 
Eucalyptus. 
 
Variation in terpene yield and heritability of variation 
Recall that quantitative variation in terpene production in Myrtaceae is 
common and the variation within species can often be large. In blue 
mallee (Eucalyptus polybractea), total foliar terpene concentration varies 
from 0.7% DM to 13% DM, almost a 20-fold difference (King et al. 2006) 
and in Melaleuca alternifolia there is a 15-fold variation in foliar terpene 
concentrations (Butcher et al. 1994, Homer et al. 2000). There are many 
different factors that can produce quantitative variation in terpene 
concentration in plants such as environmental factors e.g. nutrient 
availability (Muzika 1993), water stress (Delfine et al. 2005), atmospheric 
CO2 concentrations (Peñuelas et al. 1997), seasonality and temperature 
(Emara and Shalaby 2011, Peñuelas et al. 1997), herbivory (Paré and 
Tumlinson 1999), mediated by methyl jasmonate (Martin et al. 2003) 
(but not eucalypts (Henery et al. 2008). However, in all woody species 
that have been examined to date, the genetic component of variation 
(expressed as the narrow sense heritability) has, without exception, 
been high (h2=0.6–0.9) (Andrew et al. 2005, 2007, Doran and Matheson 
1994, Franklin and Snyder 1971, Han and Lincoln 1994, Hanover 1966a, 
1966b, OʼReillyWapstra et al. 2011, Rockwood 1973, Squillace 1971). 
 51 
High heritability has been observed for specific terpenes e.g. foliar 1,8-
cineole concentrations in Eucalyptus kochii (Barton et al. 1991) and 
Eucalyptus melliodora (Andrew et al. 2005), as well as total foliar 
terpene concentrations in Eucalyptus camaldulensis (Doran and 
Matheson 1994) and Melaleuca alternifolia (Doran et al. 2006). The high 
heritability and large variation of foliar terpene concentrations in 
Myrtaceae raises a number of questions: How and why are foliar terpene 
concentrations so variable? What is the genetic architecture underlying 
this variation and how is it maintained in natural and improved 
populations? What evolutionary forces (if any) maintain the variation we 
see within populations? What impacts does the variation in terpene 
concentrations have in Australian ecosystems? Answering these 
questions will only be possible once we have an understanding of the 
genetic processes that underlie the variation in foliar terpene 
concentrations within Myratceae. 
 
Myrtaceae is also interesting because to date, induction, a process that 
has been shown to be important in influencing terpene concentration in 
other species of woody plants (Banchio et al. 2009, Mumm et al. 2003, 
Phillips et al. 2007), has not been demonstrated in the family (Henery et 
al. 2008). Although Henery argued that induction might not be expected 
in an evergreen woody plant like Eucalyptus, there is scope for studies 
with other stimuli that have induced terpenes in other plants. These 
include fungal treatment (Phillips et al. 2007), methyl salicylate (Phillips 
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et al. 2007) and UV light (Zavala and Ravetta 2002). This may provide 
greater clarity about the ecological roles that terpenes play in Myrtaceae 
and also provide insights into how to potentially boost terpene yield in 
Myrtaceae based essential oil crops. 
 
Recent studies by Goodger and Woodrow raised the possibility that 
foliar terpene concentrations in Myrtaceae may be constrained by the 
volume of subdermal secretory cavities (Goodger et al. 2010, Goodger 
and Woodrow 2010, 2012). By isolating these cavities in Eucalyptus 
species they showed that the volume of secretory cavities is strongly 
correlated with foliar terpene concentrations, for example, the correlation 
between total cavity volume and foliar terpene concentration in E. 
polybractea was R2 =0.96 (Goodger and Woodrow 2012). Interestingly, 
there was no relationship between the density of secretory cavities and 
foliar terpene concentrations, suggesting that the volume of the cavities 
is limiting. It is likely that the secretory cavity volume is under genetic 
control and that it may play a role in determining foliar terpene 
concentrations in Myrtaceae. While the remainder of this review will 
focus on the terpene biosynthetic pathways, constraints around the 
storage of synthesized terpenes must be kept in mind. 
 
 
 
 
 53 
The terpene biosynthetic pathways in plants  
Variation in foliar terpene concentrations is most likely to be caused by 
the expression of genes and copy number variation in several distinct 
biosynthetic pathways. Terpenes all share the same precursor molecule, 
isopentenyl pyrophosphate (IPP). The biosynthesis of isopentenyl 
pyrophosphate occurs via two spatially separated pathways, which both 
synthesize IPP (Figure 1) (Eisenreich et al. 1998). The Mevalonate 
(MVA) pathway is located in the cytosol and the deoxyxylulose 
phosphate pathway (DXP)/2-C-methyl-D-erythritol 4-phosphate pathway 
(MEP) is located in the plastid (hereafter called MEP pathway). The 
MVA pathway obtains its precursor molecule, acetyl-CoA, from the 
Krebs cycle (McGarvey and Croteau 1995) and is found in all eukaryotes 
and some bacteria. The MEP pathway utilises glyceraldehyde 
phosphate from the Calvin cycle as its precursor molecule (Rohmer and 
Rohmer 1999) and is only found in plants, some bacteria and protozoa. 
As well as synthesizing IPP, the MEP pathway also produces 
dimethylallyl pyrophosphate (DMAPP) at an 85:15 ratio (IPP : DMAPP) 
(Rohdich et al. 2003). For some time, it was thought that these two 
pathways were functionally separate, with the MVA pathway providing 
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Figure 1: The terpene biosynthesis pathways in plants. The 
Methylerythritol pathway (MEP), 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-
deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase (MCT), 4-diphosphocytidyl-2C-methyl-D-erythritol 
kinase (CMK), 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MCS), 4-
hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (HDS) and 1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate reductase (HDR) and the Mevalonate pathway (MVA), 
acetoacetyl-CoA thiolase (AACT), hydroxymethylglutaryl CoA synthase (HMGS), 3-
hydroxy- 3-methylglutaryl coenzyme A reductase (HMGR), mevalonate kinase (MVK), 
phosphomevalonate kinase (PMK), mevalonate diphosphate decarboxylase (PMD). 
Both pathways synthesise isopentenyl pyrophosphate, which is converted to 
Dimethylallyl pyrophosphate by isopentyl pyrophosphate isomerase (IPPI). 
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substrate for the synthesis of sesqui- and tri-terpenes (McGarvey and 
Croteau 1995) and the MEP pathway providing substrate for the 
synthesis of monoterpenes, carotenoids, abscisic acid, gibberellic acid 
and diterpenes (Rohmer and Rohmer 1999). However, this view has 
been modified by the finding of uni-directional transport of isopentenyl 
units from the plastid to the cytosol across the plastid double membrane, 
suggesting that substrates are shared between the cytosol and the 
plastid (Kappers et al. 2008, Laule et al. 2003). The work shows that in 
some species the extent of transport of precursors across the plastid 
double membrane is significant. For example, in snapdragon 
(Antirrhinum majus) precursors from the MEP pathway are primarily 
responsible for the biosynthesis of sesquiterpenes in the cytosol 
(Dudareva et al. 2005). Nonetheless, it has been suggested that under 
normal physiological conditions transport of precursors is likely to 
generally be low (below 1%) (Eisenreich et al. 2001). There is indirect 
evidence that transport across the plastid double membrane may be 
significant within Myrtaceae. Webb et al. (2013) showed significant 
correlation between the expression of MEP pathway genes and 
sesquiterpene concentrations. However, the extent to which this occurs 
and its importance remains unclear. 
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The MEP pathway 
The MEP pathway consists of seven consecutive enzymatic steps, the 
first of which is the condensation of pyruvate and glyceraldehyde 3-
phosphate to form 1-deoxy-d-xylulose 5- phosphate (DOXP) by DXP 
synthase (DXS) (Figure 1). DOXP is then converted to 2-C-methyl-D-
erythritol 4-phosphate (MEP) by DOXP reductoisomerase (DXR). MEP is 
then converted into 1-hydroxy-2-methyl-2-(E)-butenyl 4 diphosphate 
(HMBPP) by 2-C-methyl-D-erithritol 4-phospahte cytidyltransferase 
(MCS), 4-(cytidine 5′diphospho)- 2C-methyl-D-erithritol kinase (CMK), 2-
C-methylD-erithritol 2,4-cyclodiphospahte (MCS) and (E)-4- hydroxy-3-
methylbut-2-enyl diphosphate synthase (HDS) (Figure 1). The last step 
in the MEP pathway is the conversion of HMBPP into IPP and DMAPP 
by (E)- 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR) at 
approximately a 5:1 ratio (Rohdich et al. 2002). Many of the genes within 
the pathway have been shown to have more than one copy in some 
species. For example, multiple copies of dxs have been found in 
Medicago truncatula (Walter et al. 2002), Arabidopsis thaliana (Araki et 
al. 2000, Estévez et al. 2000), Oryza sativa (Kim et al. 2005), Picea 
abies (Phillips et al. 2007), Ginkgo biloba (Kim et al. 2008a), Eucalyptus 
grandis (Külheim et al. 2011) and Melaleuca alternifolia (Webb et al. 
2013). Other genes including cmk (Kim et al. 2008a), hdr (Kim et al. 
2008b) and dxr (Seetang-Nun et al. 2008) can occur as multi-copy 
genes (in Ginkgo biloba, Pinus taeda and Hevea brasiliensis, 
respectively), although all are present as single copies in Arabidopsis 
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thaliana (Cordoba et al. 2009). So, unlike dxs, multiple copies of these 
genes are not universal amongst plants (Table 1). Very little work has 
been done on copy number variation within the Myrtaceae family. The 
work that has been done suggest that there are three copies of dxs for 
some species within the family (Külheim et al. 2011, Webb et al. 2013). 
 
There is speculation that some of these multicopy genes, in particular 
dxs, may be involved in the biosynthesis of different terpenoid products 
and possibly subject to independent regulation. Phillips et al. (2007) 
showed in Norway spruce (Picea abies), that when oleoresin production 
is induced via wounding and fungal treatment, the expression of dxs2a, 
dxs2b, dxr and hdr were all upregulated but dxs1 was not affected. 
When cell cultures of the same species were treated with methyl 
salicylate, chitosan and a beetle-associated fungal pathogen, 
Ceratocystis polonica, dxs2a was upregulated, but it was not 
upregulated after methyl jasmonate treatment. In contrast, dxs2b was 
upregulated by methyl jasmonate and chitosan treatments, but not the 
other treatments (Phillips et al. 2007). In Medicago truncatula, 
transcripts of dxs type1 accumulate to high levels in photosynthetic 
tissues, whereas dxs type 2 accumulates in roots upon colonization with 
mycorrhizal fungi (Walter et al. 2002). This same pattern is seen in other 
plants (Kim et al. 2006, Walter et al. 2000, 2002), including Pinus abies 
(Phillips et al. 2007) and Pinus densiflora (Kim et al. 2009). These 
results suggest that dxs type 1 genes have a role in providing the 
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various terpenoids vital for photosynthesis, while dxs type 2 genes may 
be involved in the biosynthesis of specific terpene secondary 
metabolites that are induced by specific stimuli. It also suggests that 
tissue-specific regulation may be important in the MEP pathway. 
Whether these same patterns hold for Myrtaceae is not known, but we 
can expect that the multi-copy genes within the family are likely to be 
performing similar specialized functions.  
 
Over the last decade a better understanding of how the MEP pathway is 
regulated and elements that regulate flux through the pathway, has been 
developed in model and crop species. However, very little work has 
been done with wild plants. Work with transgenic plants has shown that 
when dxs and dxr are upregulated there is an associated increase in 
terpene concentrations. For example, over-expression of dxr and dxs 
increased foliar terpene concentrations by over 100% in transgenic 
peppermint (Mentha piperita) (Croteau et al. 2005). Similar results were 
obtained in transgenic A. thaliana plants over-expressing dxs (Carretero-
Paulet et al. 2002, 2006). Adding to this work, differential expression of 
both these genes is strongly correlated with differences in terpene 
concentration between different cultivars of grape (Battilana et al. 2009), 
basil (Xie et al. 2008) and tomato (Enfissi et al. 2005). In the case of 
grape, there was also a significant QTL observed for terpene 
concentration between different cultivars of grape (Battilana et al. 2009), 
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gene ID         
Methylerythritol pathway         
1-deoxy-D-xylulose 5-phosphate synthase 3 8 1 2 2 5 2 2 
1-deoxy-D-xylulose 5-phosphate reductoisomerase 1 3 1 2 1 1 3 1 
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase - - 1 1 1 1 2 1 
4-diphosphocytidyl-2C-methyl-D-erythritol kinase - 2 1 1 1 1 1 1 
2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase 1 1 1 1 2 1 2 - 
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 1 2 1 1 1 1 1 1 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate 
reductase - 2 1 3 2 1 1 1 
isopentyl diphosphate isomerase 1 2 2 1 2 1 3 2 
Mevalonate pathway         
hydroxymethylglutaryl CoA synthase 1 5 1 2 2 2 4 3 
3-hydroxy-3-methylglutaryl coenzyme A reductase 3 7 2 2 5 3 9 2 
mevalonate kinase 1 2 1 1 1 1 5 1 
mevalonate diphosphate decarboxylase - 2 2 1 2 1 1 1 
Terpene pathway         
geranyl diphosphate synthase - 2 1 2 1 1 2 2 
farnesyl diphosphate synthase - 1 - - 1 - - - 
geranylgeranyl diphosphate synthase 2 4 9 8 3 1 3 2 
TPS (a, b, c, e, f, g, h) 38 29 33 76 
14
0 73 35 43 
Table 1: Putative terpene biosynthesis gene numbers within a range of 
different plant species. Medicago truncatula (Barrel clover), Glycine max 
(Soybean), Arabidopsis thaliana, Citrus clementina (Clementine), 
Eucalyptus grandis (Rose gum), Vits vinfera (Grape), Zea mays (Maize) 
and Oryza sativa (rice). Source: www.phytozome.com with domain 
search for each protein. Copy numbers may be exaggerated due to the 
presence and inclusion of pseudogenes or underestimated due to 
restricted search parameters. 
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basil (Xie et al. 2008) and tomato (Enfissi et al. 2005). In the case of 
grape, there was also a significant QTL observed for terpene 
concentration that co-located with one of the three copies of the dxs 
gene (Battilana et al. 2009). This suggests that both these genes may be 
involved in controlling variation in terpene production between 
individuals in a number of species.  
 
HDR has also been identified as a potential rate-limiting step within the 
pathway. Transgenic Arabidopsis, over-expressing hdr, as well as 
taxadiene synthase, resulted in a 13-fold increase in taxadiene 
compared to plants just over-expressing taxadiene synthase (Botella-
Pavía et al. 2004). The importance hdr may play in controlling yield in 
Myrtaceae is supported by work in E. globulus, which identified QTLs for 
both hdr and hds that are correlated with increased foliar terpene 
concentration (Külheim et al. 2011).  
 
Studies in Melaleuca alternifolia suggest that rather than dxs and dxr 
being of primary importance, the coordinated upregulation of the entire 
pathway shows significant correlation to oil yield (Webb et al. 2013). 
While dxs and dxr clearly play a role, as indicated by the evidence cited 
above, Webb et al. (2013) was one of the few studies to have 
investigated gene expression in the entire pathway and their impact on 
oil concentration. It demonstrated coordinated expression of the genes 
within the MEP pathway (dxs, dxr, mcs, cmk and hds) and strongly 
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supported the hypothesis that the genes within the entire pathway are 
likely to be upregulated when flux through the pathway increases. A 
different study on rice found coordinated induction of the first three steps 
of the MEP pathway upon application of the elicitor Nacetylchitooctaose 
Okada et al. 2007). Noting the lack of further similar studies, it is likely 
that this pattern of coordinated upregulation may also be seen in many 
other plant species. The role that intermediate steps within the pathway 
(cmk, mcs, mct, hds) play in controlling concentration is an area that 
deserves more attention, not just in Myrtaceae but also more broadly in 
other species. 
 
Studies in Myrtaceae to date have largely confirmed findings in model 
and crop species. However, studies in Myrtaceae emphasize the 
benefits of a broader approach in elucidating some as yet poorly 
explored detail of how terpene concentration is controlled. Work in 
Myrtaceae has so far been successful in identifying single nucleotide 
polymorphisms (SNPs) that affect oil concentration, but functional 
characterization of the SNPs has not yet been achieved. Knowing 
whether SNPs are affecting phenotype by changing enzyme kinetics, 
gene expression, or via some other mechanism would be interesting. 
Nonetheless, from the perspective of a plant breeder, it would have 
limited practical utility. Given that the driving force behind research into 
quantitative traits in the family is likely to be the needs of industry, future 
research would probably be better served building on the work done so 
 62 
far and focusing on a more holistic approach to optimizing multiple traits 
(e.g. a genomic selection approach), rather than on determining exactly 
how individual SNPs affect phenotype. 
 
What regulates metabolite flux through the MEP pathway? 
Transcript abundance of genes within the MEP pathway is affected by a 
number of different factors. In Arabidopsis, all genes within the MEP 
pathway accumulate upon exposure to light and show circadian patterns 
of expression, peaking in the early morning and being lowest at night. 
Regulation by light of MEP pathway genes has been reported in a 
number of plant species (Carretero-Paulet et al. 2002, Guevara-García 
et al. 2005, Hans et al. 2004, Hsieh et al. 2008, Kim et al. 2005) and 
may be a universal response in plants. Phillips et al. (2007) showed that 
dxs, dxr and hdr were upregulated upon wounding and induction, via a 
number of different stimuli. Nutritional cues have also been shown to 
change transcript abundance, e.g. sugars increase the accumulation of 
MEP pathway transcripts in dark-grown plants (Hsieh and Goodman 
2005). Given that the MEP pathway uses D-glyceraldehype 3-phosphate 
and pyruvate as precursors, which are derived from photosynthesis and 
glycolysis, the sensitivity to sugars should not be surprising. In all these 
cases, coordinated regulation of most or all of the genes in the pathway 
has been demonstrated after exposure to different stimuli. This raises 
the possibility that the genes in the MEP pathway could be under the 
control of an unidentified master regulatory factor. Given that much of 
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the work to date in relation to yield has focused on just three genes, dxs, 
dxr and hdr, it will be important to determine whether the pattern seen in 
M. alternifolia, of the coordinated regulation of all the transcripts within 
the MEP pathway between individuals that vary in oil yield, is something 
that holds for plants more broadly. Similar studies that tested whether 
transgenic plants that over express dxs, dxr and hdr also display 
enhanced expression of other MEP pathway genes would be instructive.  
 
Work on mutant plants has provided additional evidence of various other 
mechanisms that regulate flux through the MEP pathway. There is 
evidence that retrograde signalling may play a part in regulation of flux 
through the pathway. For example, mutants of Arabidopsis, with altered 
chloroplast development, including MEP pathways mutants, show 
reduced levels of MEP transcripts (Guevara-García et al. 2005). 
Similarly, Arabidopsis plants that are treated with norflurazon, a 
carotenoid biosynthesis inhibitor, show the same pattern of reduced 
MEP transcripts, which is thought to be the result of retrograde 
chloroplast to nuclear signalling (Jarvis 2003, Pogson et al. 2008). 
These results suggest that the genes in the MEP pathway are regulated 
by retrograde chloroplast to nuclear signalling when chloroplast 
development is arrested or compromised. Further work in this area has 
the potential to enhance our understanding of how metabolite flux 
through the MEP pathway is controlled.  
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Work looking at the expression and protein accumulation of Arabidopsis 
clb6-1 mutants vs wildtype plants suggest that post-transcriptional 
regulation may also play an important role in regulating flux through the 
MEP pathway. For the majority of genes within the MEP pathway, low 
transcript levels in mutants correspond to low protein levels. However, 
this is not necessarily the case for dxs and hdr, two genes shown to 
affect oil yield in other studies. The clb6-1 mutants show low levels of 
hdr and dxs transcripts, yet the HDR and DXS proteins accumulate at 
levels greater than those found in wild type plants (Guevara-García et al. 
2005). Similarly, when wildtype plants are treated with an inhibitor that 
blocks DXR, they accumulate high concentrations of DXS protein 
(Guevara-García et al. 2005). This suggests that posttranscriptional 
regulation plays a role in the regulation of the MEP pathway. Due to the 
post-transcriptional regulation of the MEP pathway, relying on evidence 
of transcript abundance only may not be sufficient in Myrtaceae or other 
species. 
 
The work outlined above suggests that control of metabolite flux through 
the MEP pathway is likely to be complex. While transgenic studies have 
identified putative bottlenecks in the pathway, other work suggests all 
genes within the MEP pathway may need to be regulated in a 
coordinated fashion to increase flux though the pathway at least in some 
instances. The lack of work on the intermediate genes within the 
pathway and the regulation of the pathway as a whole represent a gap in 
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our knowledge. Given the number of stimuli that induce terpene 
biosynthesis and flux through the pathway and the complex ecological 
interactions that terpenes mediate, it is likely that there will be many 
levels of control on the MEP pathway. More work is needed to further 
elucidate how flux through the pathway is controlled, but the work on 
chloroplast to nuclear signalling and posttranscriptional control 
represents a significant step towards an understanding of this complex 
issue. 
 
MVA pathway 
The MVA pathway is responsible for the biosynthesis of sesquiterpenes 
and triterpenes (e.g. sterols) and occurs in all animals and plants. The 
first step in the MVA pathway is the condensation of two acetyl-CoA 
molecules into AcAc-CoA by AcAc-CoA thiolase (AACT). The second 
step is the condensation of AcAc-CoA and one acetylCoA molecule into 
3-hydroxy-3-methylglutaryl (HMG)-CoA by the 3-hydroxy-3-
methylglutaryl synthase (HMGS) protein (Figure 1). It was thought that 
this process was carried out solely by HMGS, but recent work has 
shown that it is carried out by two different proteins AACT and HMGS 
(Nagegowda 2010). The next step in the pathway is the catalysis of a 
double reduction reaction resulting in the formation of mevalonate 
utilised by 3-hydroxy-3-methylglutaryl reductase (HMGR). This is 
followed by two phosphorylation reactions carried out either both by 
mevalonate kinase, or in some species phosphomevalonate is 
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phosphorylated by phosphomevalonate kinase (Figure 1). The final step 
of the MEV pathway is a decarboxylation of diphosphomevalonate, 
catalysed by diphosphomevalonate decarboxylase (PMD). The sole 
product of this pathway is IPP unlike the MEP pathway, which also 
produces a small amount of DMAPP. Of the genes in the MVA pathway, 
all genes can occur as multi-copy genes (Table 1). In Hevea brasiliensis 
there are two copies of hmgs and four copies of hmgr, while the other 
genes in the pathway are single copy (Kim et al. 2008b) and in 
Medicago truncatula there are five copies of hmgr (Kevei et al. 2007). All 
the reactions within the pathway have been characterized in plants and 
some work has focused on the control of metabolite flux through the 
MVA pathway in plants. For example, Arabidopsis transformed to 
express an additional copy of hmgr showed a large increase in 
phytosterols (2.4 fold) (Enfissi et al. 2005). The importance of hmgr is 
confirmed by other studies in Arabidopsis, which demonstrate that 
transforming plants to express a different version of hmgr can lead to 
large increases in phytosterols, as well as cycloartenol by 2–10 fold 
(Chappell et al. 1995, Harker et al. 2003). This suggests that hmgr is a 
key regulatory step in the MVA pathway. Given the predominance of 
monoterpene-dominated oils in commercially important essential oil 
producing Myrtaceae, it is not surprising that no work has been done on 
the relationship between gene expression and terpene yield in 
Myrtaceae. 
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Downstream of IPP 
The two upstream terpene biosynthetic pathways in plants, the MEP and 
MVA pathways, both primarily produce the same compound, IPP, in the 
plastid and cytosol respectively. It is thought that the most important rate 
controlling steps are likely to be early on in both pathways, when 
substrates from the Krebs and Calvin cycle are allocated between 
primary and secondary metabolism. Downstream, the genes are not as 
likely to have as large an effect on yield, although there may be 
feedback regulatory mechanisms that are important.  
 
The first enzymatic step downstream of the two pathways is isopentenyl 
pyrophosphate isomerase (IPPI), which catalyses the conversion of 
isopentenyl pyrophosphate (IPP) to its structural isomer dimethylallyl 
pyrophosphate (DMAPP) (Figure 2). Most plants have two copies of ippi 
(Table 1), which are thought to have specialised but overlapping 
functions (Cunningham and Gantt 2000, Nakamura et al. 2001, Okada et 
al. 2008, Phillips et al. 2008). In Arabidopsis, one copy is expressed 
more strongly in the cytosol (termed idi2) and the other more strongly in 
the plastid (termed idi1). However, knockouts mutants of each gene in 
Arabidopsis have shown that each idi gene can compensate for the 
 68 
 
 
 
 
Figure 2: Biosynthesis of terpenes downstream of the MEP and MVA 
pathways. Showing the conversion of IPP into geranyl pyrophosphate 
(GPP) by geranyl pyrophosphate synthase (GPPS), geranylgeranyl 
pyrophosphate (GGPP) by geranylgeranyl pyrophosphate synthase 
(GGPPS) and farnesyl pyrophosphate (FPP) by farnesyl pyrophosphate 
synthase as well as the conversion of IPP, GPP, GGPP and FPP into 
terpenes by terpenes synthases (monoterpene synthases (mTS), 
diterpene synthases (diTS), triterpene synthases (diTS), tertraterpene 
synthases (ttTS), sesquiterpene synthases (sTS) and hemiterpene 
synthases (hTS). 
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other in both parts of the cell and that there is no significant difference in 
terpenes produced or growth phenotypes by either idi1 or idi2 knockouts 
when compared to the wild type (Okada et al. 2008, Phillips et al. 2008). 
IPP and DMAPP form the backbone of all plant terpenes, apart from 
isoprene which is synthesized directly from IPP and the ratio of IPP: 
DMAPP is thought to be important in allocating resources to the 
synthesis of the different classes of terpene. Prenyl pyrophosphate 
synthases catalyse the conversion of IPP and DMAPP to prenyl 
pyrophosphates that are the substrate for terpene synthases. The three 
prenyl pyrophosphates used in terpene biosynthesis are geranyl 
pyrophosphate (GPP), synthesized by geranyl pyrophosphate synthase 
(gpps), that is used for monoterpene biosynthesis, geranylgeranyl 
pyrophosphate (GGPP), synthesized by geranylgeranyl pyrophosphate 
synthase (ggpps) that is used for di- and tetraterpene biosynthesis and 
farnesyl pyrophosphate (FPP), synthesized by farnesyl pyrophosphate 
synthase (fpps) that is used for sesqui and triterpene synthesis 
(McGarvey and Croteau 1995). The ratio of IPP to DMAPP determines 
which of these prenyl synthases will be most active, gpps works most 
efficiently with a IPP:DMAPP ratio of 1:1 (Bouvier et al. 2000), ggpps 
works most efficiently with a ratio of 3:1 (Allen and Banthorpe 1981, 
Ohnuma et al. 1989) and fpps works most efficiently with a ratio of 2:1 
(Hugueney and Camara 1990). The key intermediate gene ippi is 
responsible for controlling the IPP: DMAPP ratio and may have an 
important role in regulating the proportion of the different classes of 
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terpene that are synthesised (Phillips et al. 2008). Wildung and Croteau 
(2005) showed that when both copies of ippi were downregulated in 
peppermint, (which primarily produces monoterpenes), there was a large 
increase in the concentration of foliar sesquiterpenes. In Myrtaceae, the 
expression of ippi2 is correlated with total sesquiterpene concentrations 
as well as the ratio of mono- to sesquiterpenes (Webb et al. 2013), 
providing some evidence that genes within this part of the pathway may 
play a role in resource allocation and may affect the ratio of different 
classes of terpenes present in the leaf oils. The role that prenyl 
pyrophosphates play in determining flux through the terpene biosynthetic 
pathways has not been investigated in depth. However, studies with 
peppermint have suggested that GPPS can act as a bottleneck to 
terpene biosynthesis. When gpps was over-expressed in peppermint, 
there was an increase in total foliar terpene concentrations (Croteau et 
al. 2005). To date only a limited number of studies within Myrtaceae 
have examined the role of prenyl pyrophosphates in relation to terpene 
yield but none have been supportive. More work is needed to determine 
the potential role prenyl pyrophosphates play as bottlenecks and 
whether there are feedback loops that help direct precursors for the 
biosynthesis of specific sub-classes or products. 
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Biosynthesis of specific terpenes 
Specific terpene compounds are produced by the action of a large family 
of enzymes known as terpene synthases (TPS) that convert prenyl 
pyrophosphates into terpenes. A large number of TPS genes have been 
characterized to date (Chen et al. 2011, Tholl 2006) and they are 
broadly classified based on their primary substrate (GPP, GGPP or 
FPP). Most terpene synthase enzymes are capable of producing 
multiple products from a single precursor e.g. TPS1, a sesquiterpene 
synthase in Zea mays (maize) produces a mix of (E)-farnesene, (E,E)- 
farnesol, and (3R)-(E)-nerolidol when incubated with FPP and also 
linalool and geraniol when incubated with GPP (although far less 
efficiently) (Schnee et al. 2002). Other terpene synthases, e.g. geraniol 
synthase from Cinnamomum tenuipilum (Yang et al. 2005) produce a 
single product. In Melaleuca alternifolia, three terpene synthase genes 
have been shown to be responsible for the biosynthesis of the majority 
of monoterpenes in the plant. Variation in the expression of cineole and 
terpinolene synthase and presence/absence of sabinene hydrate 
synthase has been shown to be responsible for the six different 
Chemotypes in the plant (Keszei et al. 2010). The ability of TPS 
enzymes to produce multiple products as well as the diversity of terpene 
synthases in many plants are some of the reasons there is so much 
diversity in terpene structures across the plant kingdom. 
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Whereas many plant terpenes are direct products of TPS enzymes, e.g. 
1,8-cineole (Chen et al. 2004, Keszei et al. 2010), other terpenes are 
modified from the primary products of terpene synthases. The most 
common class of enzymes responsible for modifying terpenes are 
cytochrome P450 enzymes (Keeling and Bohlmann 2006) e.g. in 
peppermint six further steps catalysed by CYP450 enzymes are required 
for the biosynthesis of menthol from the monoterpene limonene (Croteau 
et al. 2005), adding further to the diversity of terpenes seen in plants. 
 
The conversion of prenyl pyrophosphates into terpenes by TPS genes is 
unlikely to be rate limiting in itself, however, work on carotenoid 
biosynthesis suggest that in some cases, genes responsible for the 
creation of terpenes could play a role in regulation by reinforcing 
feedback loops. For example, phytoene synthase is thought to be an 
important rate limiting step in carotenoid biosynthesis and may play a 
role in controlling flux through the pathway by feedback regulation of dxs 
(Rodríguez-Villalón et al. 2009). Whether feedback loops also exist with 
other tps genes is unknown. Given the large number of tps genes in 
Myrtaceae, there is the possibility of feedback loops between these 
genes and the MEP and MVA pathway. For example, a QTL containing 
phytoene synthase is correlated with sesquiterpene yield in Eucalyptus 
globulus (OʼReilly-Wapstra et al. 2011), suggesting the existence of a 
possible feedback loop. This is an area that deserves more study to 
better understand how the entire terpene biosynthesis pathways are 
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regulated and how that regulation affects oil yield. Understanding the 
interplay between the different parts of the pathway and their 
interactions could lead to significant improvements in the yield of 
essential oil crops.  
 
The studies outlined above pose many open questions as to the exact 
mechanisms by which flux though the terpene biosynthetic pathways is 
regulated, suggesting complex multiple levels of control are responsible 
for controlling metabolite flux through the pathways. Work on transgenic 
plants shows that upregulation of single genes within the pathways can 
increase terpene yield. However, the upregulation of all genes in the 
MEP pathway in Melaleuca alternifolia and upon exposure to light in 
Arabidopsis, suggests that at least in some cases, a coordinated 
upregulation of all genes in the pathway is necessary for increased flux 
through the pathway. Similarly, induction studies show specific 
regulation of different copies of dxs in a number of different species, 
suggesting that control of flux through the MEP pathway is tightly 
controlled in response to varying stimuli, at least in some species. Post-
transcriptional regulation and retrograde chloroplast to nuclear signalling 
are two examples of mechanisms that may underlie the coordinated 
responses in gene expression and yield through the MEP pathway in 
different conditions. The consensus of studies on phytoene synthase 
suggests that feedback from genes lower in the terpene biosynthetic 
pathways may also play an important role in allocating the optimal 
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amount of resources to different terpene classes to respond to the 
changing terpenoid needs of plants. 
 
Overview and conclusions 
 
Unlike the model or inbred crop species used in most studies of terpene 
biosynthesis, Myrtaceae exhibits large amounts of quantitative variation 
in oil concentration in wild populations, which we know is under strong 
genetic control. The molecular work done to date in the family has 
shown good success in identifying genes and regions within those genes 
that may affect oil concentration. This confirms the potential of molecular 
genetics in understanding how variation in oil concentration in Myrtaceae 
is maintained. Recent publications and annotations of genome 
sequences such as that of Eucalyptus grandis (Myburg et al. 2014), 
other forest trees such as Black Cottonwood (Tuskan et al. 2006) and 
plant species with high levels of variation in terpenes such as grape 
(Jaillon et al. 2007) provide great genomic resources, which can be used 
to develop new strategies for molecular breeding of essential oil crop 
species within Myrtaceae and beyond. Re-sequencing individuals of the 
same or related species that show variation in terpene yield is now 
easily achievable and will provide great insight into the genomic basis of 
oil yield. This will include the candidate genes discussed in this review, 
but also transcriptional regulators and other, as yet unknown genes and 
genomic regions. 
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Recall that Australian essential oil crops are generally reliant on 
improved wild material. The long generation times make traditional 
selective breeding costly and time consuming. Molecular techniques 
have the potential to vastly improve oil yields in these industries by 
identifying the genes and alleles that underlie quantitative variation in oil 
yield, making more targeted selective breeding possible. It remains to be 
seen whether practical molecular breeding will focus on specific SNPs or 
broader approaches such as genomic selection (Kainer et al. in 
revision). Given that most oil-bearing Myrtaceae have only just started to 
be improved, it is possible for industry to more fully utilise the natural 
variation in oil yield across the range of the respective species. A better 
understanding of the biosynthesis of terpenes and the bottlenecks to oil 
yield may allow for this range wide genetic variation to be exploited for 
economic gain. The broader implications are considerable and range 
from selecting particular oil profiles to create more desirable or profitable 
products through to larger gains in oil yield.  
 
An understanding of the genetics of oil yield has further, wide-reaching 
consequences. Newly emerging diseases have the potential to decimate 
essential oil industries. The Introduction of Myrtle rust (Puccinia psidii) to 
Australia in April 2010 (Carnegie and Cooper 2011) has already 
compromised the production of lemon myrtle (Backhousia citriodora). 
The genetic variation in wild populations of commercial species as well 
 76 
as within existing commercial material provides the best defence against 
such threats. However, there remain significant challenges such as 
maintaining yields in resistant material. Under particular threat is the tea 
tree oil industry because Melaleuca alternifolia shows high levels of 
susceptibility to the rust (Morin et al. 2012). Although the full effect of 
myrtle rust infection is not yet known, it has the potential to cause 
enormous losses. In the future, the continued health of these industries 
means that germplasm that are resistant to rust must be identified. If 
resistant material is found among germplasm that has already been 
improved to provide greater yield, there may be a significant loss of 
genetic variation within the breeding population and potentially a 
decrease in oil yield as well as potential future gains of oil yield from 
breeding programmes. The potential of genetic screening tools in 
helping overcome such constraints is significant. If markers for oil yield 
can be identified, seedlings can be screened for rust resistance and then 
resistant trees screened for high yielding genetic variants. This will help 
maintain the gains in oil yield made by the existing tea tree breeding 
programme and protect the significant investment that has already been 
made in improving tea tree oil.  
 
Identifying markers for oil yield opens up other potential avenues to 
improve profit. In the case of essential oil industries, it may be possible 
to incorporate high yielding markers from “non commercial” material 
(e.g. non-commercial Chemotypes) into commercial material. In the case 
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of Melaleuca alternifolia, the highest oil yields in the species are not in 
the commercial Chemotype (Homer et al. 2000). Why yield is higher in 
the other Chemotypes is unknown at this stage. However, it may be that 
alleles associated with high yield are more common in non-commercial 
Chemotypes and rare in the commercial one.  
 
Understanding the genetic basis of yield in the non-commercial 
Chemotypes may provide a previously unexplored avenue for increasing 
yield in commercial material. Understanding the genetic basis that 
underlie yield of essential oils should make these industries more 
resilient and profitable. New resources such as the Eucalyptus genome 
sequence that was recently published (Myburg et al. 2014) provide 
extraordinary tools to continue this work. In the long-term, genetic 
variation in native Myrtaceae populations across the country provides 
Australia with a significant advantage over international competitors, not 
just in essential oil crops but also other forest products. This variation 
can be utilised to improve foliar concentration, biomass or other 
commercially important traits such as disease resistance. However, to 
date there has been very little investment in tree genetics within 
Australia and only haphazard attempts to conserve the wild genetic 
resources that underlie some of these industries. This together with loss 
of genetic diversity through land clearing is a serious and ongoing 
problem that should receive urgent attention from industry and 
government. 
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Chapter 2: 
 
The yield of essential oils in Melaleuca alternifolia 
(Myrtaceae) is regulated through transcript 
abundance of genes in the MEP pathway. 
 
 
Abstract 
Medicinal tea tree (Melaleuca alternifolia) leaves contain large amounts 
of an essential oil, dominated by monoterpenes. Several enzymes of the 
chloroplastic methylerythritol phosphate (MEP) pathway are 
hypothesised to act as bottlenecks to the production of monoterpenes. 
We investigated, whether transcript abundance of genes encoding for 
enzymes of the MEP pathway were correlated with foliar terpenes in M. 
alternifolia using a population of 48 individuals that ranged in their oil 
concentration from 39 -122 mg.g DM−1. Our study shows that most 
genes in the MEP pathway are co-regulated and that the expression of 
multiple genes within the MEP pathway is correlated with oil yield. Using 
multiple regression analysis, variation in expression of MEP pathway 
genes explained 87% of variation in foliar monoterpene concentrations. 
The data also suggest that sesquiterpenes in M. alternifolia are 
synthesised, at least in part, from isopentenyl pyrophosphate originating 
from the plastid via the MEP pathway. 
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Introduction 
 
Plant essential oils are an important crop in many parts of the world and 
their profitability is closely linked to both the profile and concentration of 
the oil in each plant. Many of the species grown for essential oils occur 
as different Chemotypes (discontinuous variations in the oil 
profile: Keszei et al. 2008), but selection of the desirable Chemotype can 
be readily monitored by gas chromatography and is rarely a major factor 
detracting from profitability. In contrast, improving the oil yield of 
essential oil crops relies on a long process of traditional breeding and in 
the case of tree crops, this can require many years before production. 
Recent advances in genomics offer the possibility of identifying the 
genes and gene variants that are responsible for high yields of essential 
oils, so significantly shortening the breeding process. 
 
Medicinal tea tree (Melaleuca alternifolia Cheel) is a small Myrtaceous 
tree with sub-dermal foliar oil glands (List et al. 1995) containing a 
valuable essential oil dominated by monoterpenes (Keszei et al. 2010). 
Tea tree oil has wide-ranging antifungal and antibacterial actions and is 
incorporated into many cosmetic products (Hart et al. 2000, Carson et al. 
2006). Six essential oil Chemotypes have been identified in medicinal 
tea tree (Butcher et al. 1994, Keszei et al. 2010), but the only one sought 
by the tea tree industry is that dominated by the monoterpene terpinen-
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4-ol, which is derived from the spontaneous rearrangement of sabinene 
hydrate, which in turn is produced by a single terpene synthase (Keszei 
et al 2010). Although the terpinen-4-ol Chemotype shows a four-fold 
variation in oil yield (Homer et al. 2000) other Chemotypes have a higher 
overall oil concentration. In M. alternifolia, the narrow-sense heritability 
of foliar oil concentration is high (~0.7) suggesting that genetic control of 
oil yield is significant (Butcher et al. 1996). 
 
The production of terpenes in plants involves several distinct metabolic 
pathways and the genes in these pathways have been well studied in 
model species. The two main pathways, the Mevalonic acid pathway 
(MVA) in the cytosol and the 2-C-methyl-D-erythritol 4-phosphate 
pathway (MEP) in the plastid are spatially separated within the cell. A 
recent review (Hemmerlin et al. 2012) suggests that both pathways 
generally operate independently. While independence is the “rule” cross-
talk and transport of MEP derived isopentyl pyrophosphate (IPP) to the 
cytosol has been demonstrated on a number of occasions (Kasahara et 
al. 2002, Kasahara et al. 2004, Dudareva et al. 2005, Scorupinska-
Tudek et al. 2008, Chow et al. 2012). Monoterpenes, the major 
constituents of M. alternifolia leaf essential oil are synthesised via IPP 
derived from the MEP pathway, which is likely to have the largest effect 
on essential oil yield. Potential bottlenecks to flux through the pathway 
have been identified. In particular, the early steps of the ME pathway 
have been identified as constraints to yield of terpene-rich essential oils. 
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Over-expression of 1-deoxy-D-xylulose 5-phosphate reductoisomerase 
(DXR) in peppermint (Mentha piperita) led to plants accumulating 40% 
more oils in their glandular trichomes relative to the wildtype (Wildung 
and Croteau 2005). Over-expression of DXR and 1-deoxy-D-xylulose 5-
phosphate synthase (DXS) in transgenic Arabidopsis 
thaliana expressing Taxadiene synthase (35S:TXS) led to a several fold 
increased accumulation of taxadiene (a diterpene) over plants just 
expressing Taxadiene synthase, (Carretero-Paulet et al. 2006) and over-
expression of DXS in tomato, resulted in a 60% increase in isoprenoids 
(Enfissi et al. 2005). In grape (Vitis vinifera), dxs co-localizes with a 
major QTL for the accumulation of three monoterpenes (linalool, nerol 
and geraniol) (Battilana et al. 2009). In glandular trichomes of basil 
(Ocimum basilicum) transcript and protein abundance as well as enzyme 
activity of DXS and DXR correlate with oil yield (Xie et al 2008). While 
DXS and DXR are the most likely bottlenecks in the MEP pathway, the 
over-expression of 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate 
reductase (HDR) in Arabidopsis results in a large increase in 
carotenoids (Botella-Pavia et al. 2004). Other genes may also be 
important, in Arabidopsis, all MEP pathway transcripts are up-regulated 
upon exposure to light (Cordoba et al. 2009) and in Norway spruce 
(Picea abies), four genes that were investigated, dxs, dxr, 4-hydroxy-3-
methylbut-2-en-1-yl diphosphate synthase (hds) and hdr were all up-
regulated upon induction by a range of treatments (Phillips et al. 2007). 
Furthermore, in Eucalyptus globulus we discovered several allelic 
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variants in hds and hdr that associated with foliar concentrations of the 
monoterpene 1,8-cineole (K ülheim et al. 2011). Based on these results, 
it is likely that the control of flux through the terpene biosynthesis 
pathway is controlled at many different levels. Previous work in model 
plants has provided some clues as to how this may be controlled 
between individuals in controlled environments, but to date there has 
been no work into how this variation is controlled in wild populations. 
 
This study investigated the control of quantitative variation in the yield of 
essential oils in a wild plant population. We have quantified transcript 
abundance from genes leading to the synthesis of both mono- and 
sesquiterpenes in leaves from 48 individuals of M. alternifolia that vary 
widely in their concentration of oils. 
 
Materials and Methods 
 
Plant Material 
Samples from Melaleuca alternifolia plants for this study were collected 
from a New South Wales Department of Primary Industry (NSW DPI) 
experimental site at Ballina in Northern NSW (28.52.00 S, 153.34.00 E). 
The site contains plantings of more than 200 families from seed 
collected from 14 populations within the Clarence River catchment and 
one population from Port Macquarie. All source populations contain 
predominantly Chemotype 1 individuals in which the terpene profile is 
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dominated by terpinen-4-ol (Butcher et al. 1994, Homer et al. 200). The 
foliar oil content of these 200 families is normally distributed (Figure 1a) 
and we selected 48 individuals (Chemotype 1) from 48 families that 
represented the range of oil yield found within families planted at the 
site. For each individual, samples of fully expanded foliage of ~1 year of 
age were removed for later extraction of terpenes and one branchlet 
representing the ontogeny of the leaves (from new expanding leaf to 
mature leaf) was collected and immediately frozen in liquid nitrogen and 
stored at -80°C for RNA extraction. A “branchlet” covering leaf ontogeny 
was chosen over mature leaf because terpenes in mature M. 
alternifolia leaf are stored in oil glands, which are filled over the 
ontogeny of the leaf. A branchlet was chosen to “capture” the time when 
the oils are accumulating and not just maintenance of the mature oil 
profile. 
 
Terpene extraction and analysis 
Terpenes were extracted with ethanol containing an internal standard of 
tridecane according to the method described by Russell and Southwell 
(2003). Gas chromatography was carried out on an Agilent 6890 GC 
using an Alltech AT-35 (35% phenyl, 65% dimethylpolyoxylane) column 
(Alltech, Wilmington, DE). The column was 60 m long with an internal 
diameter of 0.25 mm with a stationary phase film thickness of 0.25 μm. 
Helium was used as a carrier gas. The ethanol extract was filtered 
through a 0.45 μm filter, and 1 μl was injected at 250°C at a 1:25 split 
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ratio. The temperature program was as follows: 100°C for 5 min, 
ramping to 200°C at 20°C·min−1followed by a ramp to 250°C at 5°C 
min−1, and held at 250°C for 4 min. The total elution time was 25 
minutes. Forty-seven components of the solvent extract were identified 
using an FID and an Agilent 5973 Mass Spectrometer dual setup 
through an SGE MS/FID splitter. Peaks were identified by comparisons 
of mass spectra to reference spectra in the National Institute of 
Standards and Technology library (Agilent Technologies, Deerfield, IL) 
(Stein et al. 2002) and major peaks were verified by reference to 
authentic standards. 
 
RNA extraction and cDNA synthesis 
Leaves were ground to a fine powder in liquid nitrogen. Total RNA was 
extracted from leaves with Ambion RNAqueous kit (Applied Biosystems, 
Foster City, CA) with the addition of sodium isoascorbate (Sigma-
Aldrich, Sydney, Australia) to saturation. After the first wash step, DNase 
(Promega, Madison, WI) was added to the wash column and incubated 
for 30 min at room temperature. RNA quantity and quality was first 
determined by separating 5 μl of the RNA extract on a 1% Agarose gel 
containing ethidium bromide in 1x TAE buffer and measurements of 1 μl 
on a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
Wilmington, DE). Absorption ratios of A260/A280 were between 1.8 and 
2.0. First strand cDNA synthesis was performed using the Moloney 
Murine Leukemia Virus Reverse Transcriptase (Promega, Madison, WI), 
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which was anchored with a T30VN primer according to the manufacturer. 
All samples were diluted to 25 ng.µl−1 with MilliQ H2O and used as 
template for real time PCR. 
 
Primer design and Quantitative Real time PCR 
Homologues of Arabidopsis thaliana genes of MEP and mevalonate 
(MVA) pathways were obtained and their amino acid sequences used in 
a tblastn search against the Genbank 
(http://www.ncbi.nlm.nih.gov/) Melaleuca alternifolia EST database. For 
genes that did not have a homologue in the M. alternifolia EST 
database, primers that were designed for Eucalyptus globulus (Külheim 
et al. 2009) were used to amplify homologues by PCR reaction. For the 
remainder, primers were designed for homologues from the Eucalyptus 
grandis genome sequence (http://www.phytozome.net/eucalyptus.php), 
then amplified and together with all other amplicons sequenced on an 
AB3700 sequencer using standard protocols. All M. 
alternifolia sequences were aligned to Arabidopsis thaliana, Eucalyptus 
grandis and E. globulus genomic sequences. Gene and species-specific 
primers for the reference genes {elongation factor 1α (ef1α), tubulin 
alpha1 (tua)}, MEP pathway genes {(1-deoxy-D-xylulose 5-phosphate 
reductase (dxr), 1-deoxy-D-xylulose 5-phosphate synthase (dxs1, dxs2, 
dxs3), 4-diphosphocytidyl-2-C-methyl-D-erythritolsynthase (mct), 4-
diphosphocytidyl-2-C-methyl-D-erythritolkinase (cmk), 2-C-methyl-D-
erythritol 2,4-cyclodiphospate synthase (mcs), (E)-4-Hydroxy-3-methyl-
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but-2-enyl pyrophosphate synthase (hds)}, mevalonate pathway {(3-
hydroxy-3-methylglutaryl-CoA synthase (hmgs1), mevalonate kinase 
(mvk), 5-pyrophospho-mevalonate decarboxylase (pmd1)} and 
downstream terpenoid pathway {isopentyl pyrophosphate isomerase 
(ippi1, ippi2) and geranyl pyrophosphate synthase (gpps)} were 
designed such that one or both primers crossed an intron or 
alternatively, that the desired amplicon would cross one or more introns.  
 
Products from each of the primer sets were sequenced to verify the 
identity of the amplified gene. Genes from gene families- e.g. dxs, were 
named in accordance to their sequence similarity with Arabidopsis 
thaliana sequences e.g. Arabidopsis dxs1, dxs2and dxs3 in Arabidopsis 
are most similar to dxs1, dxs2 and dxs3, respectively, in M. alternifolia. 
Primer efficiencies for each primer pair were determined through a 
dilution series and all values were between 1.95 and 1.99 with the 
exception of gpps, which had a value of 1.88. Ef1 and tua were chosen 
as reference genes after picking a number of commonly used house 
keeping genes that had also been identified as good reference genes 
in E. globulus (Stürzenbaum et al. 2001, Nicot et al. 2005, de Almeida et 
al. 2010, Fernández et al. 2010). We tested the expression stability of 
these genes across our samples and chose ef1 and tua as the best 
reference genes for this study. All primers used for the generation of 
these data are listed in. Gene transcript abundance was quantified using 
the Fluidigm Biomark platform (Fluidigm, South San Francisco, CA) with 
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EvaGreen™ (Bio-Rad, Gladesville, NSW, Australia) according to the 
Fluidigm protocol, using 15 cycles of pre-amplification. The quantification 
of the transcript dxs1 failed consistently in the Fluidigm experiment and 
was thus excluded from all analysis. Three technical replicates were 
performed for each gene and individual. Given the design of the study, 
which used a common garden trial, it was not possible to use biological 
replicates, given each tree represented a unique genotype grown in the 
same environment. Transcript abundance was calculated using the 
Fluidigm Real-Time PCR analysis software (Fluidigm, South San 
Francisco, CA) using both ef1α and tua as internal standards. The ratio 
between both internal standards was stable between individuals and 
their average was used. 
 
Correlation and multiple regression analysis 
Pairwise correlation analysis was performed between each terpene trait 
as well as between transcript abundance traits and terpene traits using 
GenStat 12th edn (VSN International, Hemel Hempstead, UK). Multiple 
regression analysis was used to test the relationship between transcript 
abundance and oil traits using the statistical package R (R development 
core team 2009). This analysis used the most abundant monoterpene 
terpinen-4-ol (including its monoterpene precursors sabinene, cis-
and trans-sabinene hydrate) and the most abundant sesquiterpene, 
bicyclogermacrene, as response variables. 
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Multiple regression analysis followed Crawley (2005), (i) The distribution 
of each variable was analysed, and rows of data where an individual had 
one or more values which appeared to be erroneous were excluded, (ii) 
A linear model which included all predictor variables (i.e. abundance 
data from all transcripts) was used to start the analysis, (iii) Non-linearity 
in the relationships between predictor and response variables were 
checked for by fitting models that included squared terms of each 
variable, (iv) Pairwise interactions between predictors were checked by 
fitting models that included all possible pairwise interactions between 
variables in the model. Since the number of predictors is large relative to 
the number of data points, there is a risk of over-fitting the model. 
Because of this, fitting any models in which there were fewer than three 
data-points per predictor were avoided (Crawley 2005). For steps (iii) 
and (iv), this involved fitting a series of models that included small 
numbers of squared or interaction terms in randomly chosen groups. 
Significant squared and interaction terms from steps (iii) and (iv) were 
included in the full model along with all untransformed predictor 
variables. Stepwise model selection using the Akaike Information 
Criterion was then used to simplify the full model, using the MASS 
package in R (Venables and Ripley 2002). This final model was then 
checked using standard linear model diagnostics in R. In particular, data 
points with Cook's distance >0.5 were considered as potential outliers, 
and analyses were repeated without these data points. Results of 
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analyses both including and excluding potential outliers are presented. 
All analysis scripts written in R are available from the authors. 
 
Results 
 
Quantitative and qualitative analysis of essential oils 
Gas chromatography – mass spectroscopy revealed the presence of 20 
monoterpenes and 27 sesquiterpenes, of which 18 and 11, respectively, 
could be identified by comparison to reference mass spectral data (Stein 
et al. 2002) and authentic standards. Total terpene yield ranged from 
39.4 -122.3 mg.g DM−1, (mean 75.5 mg.g DM−1) (Figure 1a). Because 
terpinen-4-ol is derived from spontaneous re-arrangements of cis-
 and trans-sabinene hydrate as well as sabinene, we summed the 
concentrations of these separate monoterpenes to form a trait we called 
“terpinen-4-ol plus precursors” (hereafter “terpinen-4-ol +”). This 
component dominated the total oil profile and ranged from 14.5 – 68.5 
mg.g DM−1 (mean 32.2 mg.g DM−1). The most abundant sesquiterpene 
was bicyclogermacrene which ranged from 1.0 – 9.3 mg.g DM−1 (mean 
3.1 mg.g DM−1). Linear regression showed that there was a high degree 
of correlation between individual components of the oil with the highest 
correlation being between, “terpinen-4-ol +” and total oil (R2 = 0.922) 
(Figure 1b). There was also high correlation between (i) the most 
abundant sesquiterpene (bicyclogermacrene) and the sum of all 
sesquiterpenes (R2 = 0.678), (ii) within monoterpenes (α-pinene and 
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terpinolene, R2 = 0.593) and (iii) within sesquiterpenes (δ-cadinene and 
bicyclogermacrene, R2 = 0.664). 
 
Transcript abundance from genes in the terpenoid biosynthesis 
pathway 
The relative abundance of transcripts for dxr, dxs2, dxs3, cmk, mcs, 
mct and hds from the MEP pathway, mvk, hmgs1 and pmd1 from the 
MVA pathway, ippi1 and ippi2 as well as gpps (which acts downstream 
of ippi in the pathway that leads to monoterpene formation) was 
quantified. The comparison of transcript abundance between genes 
showed that there were high levels of correlation within each pathway, 
with lower degrees of correlation between pathways, with the exception 
of mct, which was not correlated with any other genes. The highest 
correlation observed was between gpps and cmk (R2 = 0.725) (Figure 
1c). Within the MEP pathway, there were strong correlations 
between hds and dxs2 (Figure 1d), and hds and cmk (R2 = 0.611 and 
0.61, respectively). Within the MVA pathway the highest correlation was 
between pmd and mvk (R2 = 0.526), while between the MVA and MEP 
pathways the highest correlation was between mvk and dxr (R2 = 0.322). 
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Figure 1: Oil distribution and scatter plots of relationships between 
essential oil and gene expression parameters. (a) Histogram of total 
foliar oil concentration in 200 families of M. alternifolia. (b) Scatter plot 
between foliar concentration of total oil and “terpinen-4-ol +”. Scatter plot 
showing the correlation between the relative gene expression of (c) cmk 
and gpps and (d) dxs2 and hds. Scatter plot showing the correlation 
between the relative gene expression and terpene concentration of (e) 
dxr and terpinen-4-ol + and (f) mcs and bicyclogermacrene. 
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Correlation of gene expression with quantitative variation of 
terpene traits 
The degree of correlation between the relative transcript abundance 
of dxr, dxs2, dxs3, mcs, cmk, mct, hds, ippi1, ippi2, mvk, hmgs1, 
pmd1 and gpps was tested against several different terpene traits using 
simple regression. Many MEP pathway genes such as dxs, dxr, cmk, 
mcs and hds were correlated with total oil yield and “terpinen-4-ol +” 
concentrations. A scatter plot of the relation between the foliar 
concentration of “terpinen-4-ol +” and the relative expression of dxr (R2 = 
0.337) is shown in Figure 1e. The highest degree of correlation between 
foliar sesquiterpenes and gene expression was between 
bicyclogermacrene and mcs (R2 = 0.152) (Figure 1f). Notably, the 
relative expression of dxr, mcs and cmk was also correlated with the 
concentration of bicyclogermacrene - a sesquiterpene. The expression 
ofippi2 was correlated with the concentration of total foliar 
sesquiterpenes as well as the ratio of mono- to sesquiterpenes, 
suggesting it may have a role in resource allocation. 
 
A cluster analysis was used to describe the relationships amongst 
terpenes and the expression of all genes in the MEP pathway (Figure 2). 
Genes from the MEP pathway (with the exception of mct) cluster 
together with gpps and ippi2, whereas there were no clusters amongst 
the foliar terpenes. A correlation matrix between transcript abundance 
and quantitative terpene data is shown (Figure 2). 
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Figure 2: Cluster analysis of terpene traits and gene expression and 
correlation matrix between terpene traits and gene expression. Genes of 
the MEP pathway are shown in yellow, those of the MVA pathway in 
blue. Downstream genes ippi and gpps are shown in green. 
Monoterpenes are shown in yellow and sesquiterpenes are shown in 
blue. 
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 We used a multiple regression model to test whether the genes 
expressed in the chloroplastic MEP pathway (dxs2, dxs3, dxr, mct, cmk, 
mcs, hds plus gpps) were significant predictors of the foliar 
concentration of “terpinen-4-ol +” (Table 1). Examination of the data 
suggested that one measurement from dxs3 was erroneous. This 
datapoint (id CMA15) was removed before any further analysis. The final 
model contained six linear terms, two squared terms and six pairwise 
interaction terms. No further outliers were identified. 
 
A second multiple regression model was constructed to test whether 
genes from the MEP pathway in the chloroplast (dxs2, dxs3, dxr, mct, 
cmk, mcs, hds, plus gpps) and genes from the MVA pathway in the 
cytosol (hmds, mvk, and pmd) were significant predictors of 
bicyclogermacrene concentrations (Table 2). The initial model had one 
outlier, and so the model was re-derived (including testing for non-
linearity in variables, and testing for significant interaction terms) after 
removing this value. The terms included in the final model (nine linear 
terms and three interaction terms), did not differ when this outlier was 
excluded (Table 2). 
 
In order to investigate the relative contributions of MEP and MVA genes 
to foliar bicyclogermacrene concentrations, two submodels of the final 
model between gene expression and foliar bicyclogermacrene 
concentration were constructed. The first of the two submodels included 
 105 
only those predictors from the final model which are expressed in the 
chloroplast (i.e. MEP pathway genes dxs2, dxs3, dxr, cmk, mcs, 
hds, and the interaction terms mcd:hds, dxs2:cmk, dxs2:hds). The 
second submodel included only those predictors in the final model, 
which are expressed in the cytosol (MVA pathway genes pmd1, mvk, 
hmgs). In other words, we tested whether genes from both the cytosol 
and the chloroplast contributed to variation in foliar bicyclogermacrene. 
Both of these models were compared to the full model using a likelihood 
ratio test implemented in the lmtest package in R (Zeileis 2002). The 
likelihood ratio test suggested that both submodels fitted the observed 
variation in bicyclogermacrene concentrations significantly worse than 
the full model (Table 3). This suggests that MVA pathway genes in the 
cytosol and MEP pathway genes in the chloroplast both make significant 
contributions to the final synthesis of bicyclogermacrene. However, the 
results also show that the expression data from the genes located in the 
chloroplast explain far more of the variance in bicyclogermacrene 
concentrations (R2 = 0.500) than do the genes from the cytosol (R2 = 
0.146) (Table 3). 
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Table 1: Final model for prediction of terpinen-4-ol concentrations from 
transcript levels of MEP pathway genes. 
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Table 2: Two models (with and without outlier) for prediction of 
bicyclogermacrene concentrations from transcript levels of MEP and 
MVA pathway genes. 
 
 
 
Table 3: Likelihood ratio test between two submodels and the full model 
that predict bicyclogermacrene concentrations. 
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Discussion 
 
Quantitative variation in the yield of terpene-dominated essential oils is 
widespread and of significant ecological and economic importance. 
Terpene yield is under strong genetic control in woody plants (Hanover 
1966, Doran et al. 2006). Although the genes involved in the two 
biosynthetic pathways leading to the formation of terpenes (MEP and 
MVA pathways) are well-known in crops and Arabidopsis, understanding 
the genetic basis of quantitative variation of terpene traits in woody 
plants provides opportunities for rapid improvements in yield and better 
returns to growers given the long breeding cycles required for trees. In 
this study we investigated the genetic control of terpene yield from the 
Australian Myrtaceae species Melaleuca alternifolia. 
 
The first step of the MEP pathway, which catalyses the conversion of 
pyruvate and D-glyceraldehyde 3-phosphate to 1-deoxyxylylose 5-
phosphate (DXS), has been the focus of most studies to date (Cordoba 
et al. 2009) and was the first step of the pathway that was discovered 
(Sprenger et al. 1997). Much evidence has accumulated to show that 
this enzyme is the rate-limiting step of the pathway (reviewed in 
Introduction). Some reports have focused on the gene expression of all 
genes in the MEP pathway upon abiotic stimulus, finding for example 
that light induces all seven steps of the pathway and that each gene is 
under the control of a circadian signal (Cordoba et al. 2009) or that 
sucrose induced gene expression in the pathway (Hsieh and Goodman 
 109 
2005). We focused on the expression of these genes in a natural 
population of plants with a large sink (foliar terpenes that accumulate in 
the glands) for the MEP pathway. Our results indicate that a general 
signal exists that regulates the expression of each pathway gene with 
the exception of mct. Either mct is not regulated through this signal or 
our assay was non-functional. 
 
The first aim of this study was to identify correlations between the 
transcript abundance of candidate genes and terpene traits. Our 
analysis revealed strong co-expression of genes within the MEP 
pathway of the chloroplast. Five out of seven transcripts from this 
pathway (plus geranyl pyrophosphate synthase, gpps) had similar 
relative transcript abundances. The expression of one gene, mct, did not 
correlate with any other genes and dxs3, one of the three copies of 1-
deoxy-D-xylulose 5-phosphate synthase did not cluster with other MEP 
pathway genes (Figure 2). This suggests dxs3, which is likely in a 
different clade, is not directly involved in foliar monoterpene biosynthesis 
and is performing a different function within the plant. The pattern of 
expression suggests that there is a common factor that regulates 
transcription within the MEP pathway and extends the list of genes that 
have a significant impact on yield of terpenes (dxs, dxr, hdr, gpps) 
(Botella-Pavia et al. 2004, Wildung and Croteau 2005, Carretero-Paulet 
et al. 2006, Phillips et al. 2007). Within the cytosolic MVA pathway, co-
expression was less striking, but still significant and in addition, we 
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observed correlations in the expression of genes between the MEP and 
MVA pathways albeit to a lesser extent than within each pathway. 
 
Several studies (reviewed in the Introduction) have shown that the 
expression of dxr and dxs have a strong influence on terpenoid oil yield. 
Our results show pairwise correlations between individual genes within 
the MEP pathway and foliar “terpinen-4-ol +” for all genes bar mct 
(Figure 2). Given the correlation of the genes within the MEP pathway, 
we cannot say which genes may or may not be more important in 
controlling flux through the pathway. It also means that individual gene 
to trait correlations are of limited predictive utility. This raises the 
question as to whether dxs and dxr are such significant “bottlenecks” in 
the MEP pathway as has previously been supposed. Although it is clear 
from other studies that both dxs and dxr are significantly correlated with 
terpene yield, ours is the first analysis of the whole pathway and it is 
possible that the more extensive patterns of co-expression might be 
found with a similar broader analysis of other systems. It is possible 
that dxs and dxr could act either as bottlenecks or their over-expression 
could initiate regulatory cascades that result in the up-regulation of other 
transcripts within the pathway. Drawing strong conclusions about the 
mechanisms that control flux in M. alternifolia from our data are further 
complicated by the fact dxs is post transcriptionally regulated in other 
species (Wildung and Croteau 2005) and that protein levels don't always 
relate to transcript abundance. While the data makes it clear that 
 111 
transcript levels of the genes within the MEP pathway have an effect on 
yield in M. alternifolia, the exact mechanisms that lead to this result are 
not obvious at this stage. 
 
The multiple regression approach employed here gives a much more 
realistic picture than single gene regressions of the importance of 
interactions between multiple genes in both the MEP and MVA pathways 
and the variations in the yield of mono- and sesquiterpenes. The results 
show that transcript abundance of MEP pathway transcripts explains a 
large amount of the variation in foliar oil yield we observed. Given that 
the oil profile of M. alternifolia is dominated by monoterpenes, the 
variations in MEP pathway genes are the most important determinant of 
overall oil yield and in particular the yield of components (“terpinen-4-ol 
+”) that are sought by industry. This indicates that expression 
differences between individuals are likely to be an important determinant 
in differing oil yields. 
 
Our results also provide strong evidence that sesquiterpenes in M. 
alternifolia are, at least in part, synthesized from IPP derived from the 
MEP pathway. Unidirectional transport of IPP from the plastid to the 
cytosol has been demonstrated using labelled precursors in a number of 
other species such as spinach, kale and Indian mustard (Bick and Lange 
2003), snapdragon (Dudareva et al. 2005) and Arabidopsis (Laule et al. 
2003), but not in tomato trichomes (Besser et al. 2009). The amount of 
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IPP that is transported differs widely in those species that have been 
examined. For example in snapdragon, IPP from the plastid is used for 
the biosynthesis of 100% of sesquiterpenes, while in Catharanthus 
roseus only small amounts of plastid derived IPP are used in 
sesquiterpene synthesis (Arigoni et al. 1997). In order to show what 
proportion of IPP from the chloroplast is incorporated into 
sesquiterpenes, experiments with labelled intermediates for both the 
MVA and MEP pathway need to be undertaken (Dudareva et al. 2005). 
Our data does suggest that a significant amount of IPP originates from 
the chloroplast with explanatory values for correlation of MVA genes 
being about three times lower than for MEP pathway genes and there 
was no evidence of any IPP transport from the cytosol to the chloroplast.  
 
These results pave the way for further improving essential oil yield in 
medicinal tea tree. Because of the low linkage disequilibrium in forest 
trees, a candidate gene approach in association mapping to detect 
alleles in genes of the MEP and MVA pathway will be an important first 
step. However, the extent of co-regulation of MEP pathway genes 
means that selection made on only one or two alleles might be 
insufficient to drive sustained increases in oil yield. Identifying the 
putative transcriptional regulators that control the whole pathway will be 
necessary to understand how to select for increased flux through the 
whole MEP pathway and how this translates into greater yield for the 
benefit of the tea tree industry. 
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The Australian Myrtaceae Melaleuca alternifolia is an ideal study object 
for the control of terpene yield. Our collection of 200 individuals showed 
a three-fold variation in total terpene yield and more than four-fold 
variation of the major constituent terpinen-4-ol. In order to identify the 
regulatory mechanisms of this variation, we quantified transcripts 
abundance in 48 individuals from the MEP and MVA pathways as well 
as genes that act downstream towards the biosynthesis of terpenes. Our 
data show that the expression of genes from the MEP pathway, as well 
as gpps is positively correlated to monoterpene yield and that the 
expression of these genes is strongly inter-correlated. Both MEP and 
MVA pathway genes are predictors of sesquiterpene concentration, 
providing evidence for export of isopentyl diphosphate from the 
chloroplast to the cytosol in this species. 
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Chapter 3: 
Association genetics of essential oil traits in 
Melaleuca alternifolia: explaining variation in oil 
yield 
Abstract 
Medicinal tea tree (Melaleuca alternifolia Cheel) is commercially grown 
in many countries to produce tea tree oil, which has a range of 
pharmaceutical and cosmetic uses. Oil yield is a complex trait that is 
dependent on foliar oil concentration, leaf biomass and plant survival. 
Foliar oil concentration is a highly variable trait in natural populations of 
tea tree plants and is also highly heritable. Tea tree oil contains a 
mixture of monoterpenes, with the most abundant component terpinen-
4-ol, and to a lesser extent sesquiterpenes. While little is known about 
the regulation of terpene biosynthesis, the biosynthetic pathway itself is 
well understood. Here, we investigate genetic associations between 731 
allelic variants from ten structural genes of terpene biosynthesis, 
genotyped in 381 individuals of tea tree, and nine traits relating to tea 
tree oil yield. We discovered two genetic associations with terpinen-4-ol 
and seven with monoterpene concentration, explaining 8.9 and 24.7% of 
the total variation, respectively. These variants can be incorporated as 
molecular markers into the existing tea tree breeding programme. We 
also estimated Genetic Estimated Breeding Values based on the allelic 
variants that were discovered and evaluated this tool for partial genome 
data. 
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Introduction  
 
Tea tree oil is commercially produced from medicinal tea tree (Melaleuca 
alternifolia Cheel) through steam distillation of leaves, which releases 
the essential oils from schizogenous oil glands. The oil has antiseptic, 
anti-bacterial, anti-fungal, anti-inflammatory and anti-viral properties 
(Isman et al 2000, Burt 2004, Edris 2007, Bakkali et al. 2008, Nerio et al. 
2010) and is used in many cosmetic and personal care products. In 
order to increase profits for the tea tree industry, attempts have been 
taken to improve oil yield, which is a group of complex traits that include 
foliar oil concentration, leaf biomass and plant viability, through 
phenotypic selection. The Australian tea tree breeding programme, 
which has been running since 1993 released their third-generation 
improved seed to the industry in 2007 (Baker et al. 2010). While relying 
solely on phenotypic selection, large gains in oil yield have been 
achieved; increasing average oil yields from 148 kg/ha to 250 kg/ha 
between 1993 and 2007 (Baker et al. 2010). The quantitative variation of 
oil concentration found in natural populations of tea tree is high (15 to 30 
fold as described by Butcher et al. 1994 and this study), with some wild 
individuals having foliar terpene concentrations almost double that of the 
average of improved tea tree stock (Butcher et al. 1994). Heritability 
studies have shown that most of the variability in essential oils in 
myrtaceae (including tea tree) is under strong genetic control (Barton et 
al. 1991, Doran and Matheson 1994, Doran et al. 2006, Andrew et al. 
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2005, Andrew et al. 2007). The high levels of unutilised oil concentration 
together with the high levels of heritability will allow to utilise molecular 
markers to aid the tea tree breeding programme in further improving oil 
yield.  
 
While past efforts to improve tea tree oil yield using phenotypic selection 
have been highly successful, it is important to continue to improve yield, 
while maintaining genetic variability in the breeding population. This is 
essential for the viability component of oil yield – the plantsʼ ability to 
establish from seedlings, survive cropping, thrive through abiotic stress, 
and cope with pests and pathogens. Resistance to emerging threats 
such as myrtle rust (Puccinia psidii), which has recently been introduced 
to Australia, depends on broad levels of genetic diversity. Introgression 
of new populations may be able to increase genetic diversity to enhance 
resistance to pest and pathogens while maintaining improved oil yields. 
 
Dissecting complex traits in outcrossing forest trees through classic 
molecular techniques such as knockout mutants is difficult, but 
candidate gene association studies are a viable alternative. Complex 
traits such as resistance to herbivory, cold hardiness and growth traits 
have been investigated in a range of forest trees (Jermstad et al. 2003, 
Thumma et al. 2005, Gonzalez-Martinez et al. 2007, 2008, Neale 2007, 
Eckert et al. 2009, Eckert et al. 2010, Ingvarsson et al. 2008, Holliday et 
al. 2010, Quesada et al. 2010, Wegrzyn et al. 2010, Külheim et al. 2011, 
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Alberto et al. 2013). Once allelic variants are found that explain a good 
proportion of the quantitative variation of a trait, molecular markers can 
be developed and used in breeding programmes.  
 
The biosynthesis of essential oils is well understood from model species, 
which allows us to select candidate genes for association studies. Tea 
tree oil consists mostly of monoterpenes, which are synthesised in the 
chloroplast through the methylerythritol phosphate (MEP) pathway. 
Pyruvate and glyceraldehyde 3-phospate are the substrates for a 
sequence of seven enzymatic reactions leading to the production of 
isopentyl pyrophosphate (IPP). Geranylpyrophoshate synthase then 
forms geranylpyrophospate (GPP) from IPP and dimethylallyl 
pyrophosphate (DMAPP), an isomer of IPP, which is converted from IPP 
by the enzyme isopentyl pyrophosphate isomerase. GPP is the 
substrate for terpene synthase enzymes, which can either produce a 
single or multiple monoterpenes (Wise et al. 1998, Keszei et al. 2008). 
While some studies in crop and model species found associations 
between allelic variants in the first two steps of the MEP pathway 
(Wildung et al. 2005, Carretero-Paulet et al. 2006, Enfissi et al. 2005, 
Battilana et al. 2009), others found associations in the last two steps of 
the MEP pathway (Külheim et al. 2011) and a study in M. alternifolia 
found a strong correlation between the transcript abundance of the 
entire MEP pathway and oil yield (Webb et al. 2013, Chapter 2).  
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In this study we aimed to identify allelic variants within terpene pathway 
genes (all MEP pathway genes plus the following two enzymatic steps 
that produce the precursor for monoterpene synthases, GPP) that affect 
foliar terpene concentrations. We investigated the association between 
sequence variants and phenotypic variation in 378 M. alternifolia 
individuals from 200 families with the aim to provide molecular markers 
for marker assisted breeding of tea tree. 
 
Methods and Materials 
 
 
Plant Material 
 
Samples of Melaleuca alternifolia leaves were collected from a New 
South Wales Department of Primary Industry (NSW DPI) experimental 
site at Ballina in Northern NSW (S28°52ʼ E153°34). The site contains 
plantings of more than 200 families from seed collected from 14 
populations within the Clarence River catchment, NSW and one 
population from Port Macquarie, NSW. All populations contain 
predominantly Chemotype 1 individuals in which the terpene profile is 
dominated by terpinen-4-ol (Butcher et al. 1994, Keszei et al. 2010). Two 
individuals from each of 200 families were selected and samples of fully 
expanded foliage of ~1 year of age were removed for later extraction of 
DNA. Separate sample were collected straight into ethanol containing a 
tetradecane standard for analysis of foliar terpenes. Leaf samples for 
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DNA extraction were refrigerated during transport and then frozen in -
80°C until further analysis.  
 
Terpene extraction and analysis  
Terpenes were extracted in ethanol containing an internal standard of 
tetradecane according to the method described by Russell and 
Southwell (Russell et al. 2003) and analysed on a Gas Chromatogram 
followed by Mass Spectroscopy (GC-MS) using a Agilent 5890 GC with 
an Alltech AT-35 column and an Agilent 5973 Mass Spectrometer 
(Agilent, Santa Clara CA). Peaks were quantified using the chemstation 
software (Agilent Technologies, Deerfield, IL). All terpenes were then 
quantified as tetradecane equivalents for each individual. A total of 47 
terpene peaks were identified, 20 of which were monoterpenes and 27 
sesquiterpenes. We used a combination of co-injection of authentic 
standards and comparison of mass spectra to reference mass spectral 
data in the National Institute of Standards and Technology mass spectral 
library, to identify 29 terpenes. Because the terpene concentrations were 
strongly correlated, we combined individual compounds to make five 
traits for the association analysis (concentrations of total terpenes, 1,8-
cineole, total monoterpenes, total sesquiterpenes and terpinen-4-ol (plus 
precursors (cis and trans-sabinene hydrate and sabinene))).  
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Gene discovery, barcoding of individual samples  
Genomic DNA was extracted from leaves with a Qiagen DNeasy 96 
Plant kit (Qiagen, Valencia, CA) using ~100 mg of tissue from each 
individual. The DNA concentrations were measured with a Nanodrop 
spectrometer (Thermo Scientific, Wilmington, DE) and diluted to 25 
ng/µl. Gene specific primers were designed from M. alternifolia 
sequences and ESTs, as well a Eucalyptus globulus sequences when 
M. alternifolia sequences were not available. Primers were designed to 
amplify gDNA from ten genes 1-deoxy-D-xylulose 5-phosphate 
reductase (dxr), 1-deoxy-D-xylulose 5-phosphate synthase (dxs1, dxs2), 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase (mct), 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase (cmk), 2-C-methyl-D-
erythritol 2,4-cyclodiphospate synthase (mcs), (E)-4-Hydroxy-3-methyl-
but-2-enyl pyrophosphate synthase (hds), isopentyl pyrophosphate 
synthase (ippi1, ippi2) and geranyl pyrophosphate synthase (gpps). 
Amplicons were sequenced on an ABI 3130xl to makes sure the right 
product was being amplified.  
 
Fragments for each of the ten genes were amplified for 384 individuals, 
a fraction was quantified on a gel and equimolar amounts from each 
fragment were pooled per individual, resulting in 384 pools, each 
containing ten amplicons. The pooled fragments were purified using the 
QIAquick PCR purification kit (Qiagen Valencia CA). The purified pools 
of amplicons were then sonicated using the Bioruptor® Standard system 
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with sample temperature at 4ºC (Diagenode, Denville NJ). Shearing was 
optimized to achieve a median 280 bp fragment size at 4-6ºC with an 
on/off cycling of 30/90 s with 15 cycles at maximum energy. 192 
individual barcodes were then ligated to the shredded DNA of the first 
192 individuals according to the method described by Meyer et al. 
(2008). The process was then repeated with the second half of the 
samples. Prior to pooling of the barcoded fragments the DNA in each 
sample was quantified using a Qubit® fluorometer with Qubit® dsDNA 
HS assays (Life Technologies, Sydney). Equal amounts of DNA were 
then pooled from each set of barcodes (192 individuals per set). TruSeq 
library kits were used to produce 2 Illumina sequencing libraries, each 
with an individual external barcode (as opposed to the internal barcodes 
used previously). This way we were able to multiplex all 384 samples 
onto a single lane of the Illumina HiSeq2000 system.  
 
 
Figure 1: On the left the size distribution of M. alternifolia DNA 
fragments after sonication. The first four lanes show the effect of 
variation in the initial concentration of DNA. The final lane is a DNA 
ladder that can be used as a size reference. The bands in the first four 
lanes centre around 150 bp. On the right, a visualization of an M. 
alternifolia DNA fragments before (lane 1) and after barcoding (lane 2). 
Lane 3 contains a DNA ladder that is used as a measure of size. 
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Illumina sequencing and assembly 
 
The TruSeq libraries were sequenced at the Biomolecular Resource 
Facility at the Australian National University on a single lane of the 
Illumina HiSeq2000 platform using 2 x 100 bp paired end sequencing. 
The HiSeq Control Software was used for base-calling and separation of 
the two external barcodes. We obtained 72.4 million reads at a size of 
100 bps each, equating to 7.24 Gb of sequence (Table 1).  
 
All sequences were imported into CLC Genomics Workbench (CLC Bio, 
Aarhus, Denmark). The combined sequences were then assembled 
against the reference sequences from previously sequenced individuals 
(see above). Reference assembly was optimized several times 
(extracting the consensus sequence after assembly and then using this 
as a new version to assemble the reads against). After optimisation, 
80.5% of reads mapped to the reference sequence. Reads for each 
individual were then separated by barcode using a custom made script 
in the statistical package R. At this point, the sequences from each 
individual were mapped against the last version of the reference 
sequence.  
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Melaleuca alternifolia Number 
No of individuals 384 
No of individuals after filtering 378 
No of loci amplified 10 
Length reference sequence 21,683 
No of reads sequenced 72,396,260 
No of bp sequenced 7,239,626,000 
No of reads sorted by barcode 58,634,152 
No of bp sorted by barcode 5,863,415,200 
No of reads mapped to reference 47,193,355 
No of bp mapped to reference 4,719,335,500 
No of reads per individual 
(average) 124,850 
No of bp per individual (average) 12,485,014 
Table 1: Sequencing statistics for multiplexed HiSeq2000 run 
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Figure 2: Distribution of reads across the 384 individuals sequenced 
 
 
SNP identification and association  
 
CLC Genomics Workbench (CLC Bio, Aarhus, Denmark) was used to 
detect single nucleotide polymorphisms after reference assembly. The 
average coverage was 576 reads per site per individual (Figure 2). Per 
locus, coverage ranged from 185.3 in ippi2 to 1179.9 in mct (Table 2). 
The SNP discovery window was 7 bp, with central bp quality score of 30 
and surrounding bp quality score of 20 or more. Sites that had 
homozygous differences and sites that were heterozygous were 
extracted. A heterozygous site was qualified as having two alleles with 
allele frequencies between 30 and 70%, while homozygous sites had a 
single different allele with a frequency of 70% or more. We identified 
1045 SNPs, 731 of which had a minor allele frequency of ≥0.01. These 
SNPs were genotyped in all individuals and used for the association 
study.  
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Gene Length (bp) Average coverage per position  
dxr 1754 821.6 
dxs1 1577 1032.3 
dxs2 684 1104.6 
gpps 1265 616.4 
hdr 1630 448.5 
hds 2420 1019.8 
ippi1 718 217.3 
ippi2 1532 185.3 
mcs 1419 778.4 
Mct 1491 1179.9 
Table 2: Average reads per site for ten candidate genes. 
 
 
TASSEL v3.0 2013 (Trait Analysis by Association Evolution and 
Linkage) (Bradbury et al. 2007) was used to perform analysis of linkage 
disequilibrium between the SNPs that had a minor allele frequency 
(MAF) of ≥0.01. TASSEL was also used to detect associations with the 
foliar terpene phenotypes and the ridge regression function was used to 
determine genomic estimated breeding values (GEBV). A mixed linear 
model, with a family structure matrix inferred from SNP data was used to 
test the association between individual SNPs and traits (concentrations 
of (i) total foliar terpenes, (ii) 1,8-cineole, (iii) total monoterpenes, (iv) 
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total sesquiterpenes, (v) terpinen-4-ol (plus precursors), (vi) percentage 
terpinen-4-ol (plus precursors), (vii) percentage of 1.8 cineole, (viii) 
percentage sesquiterpenes (ix) and percentage monoterperens). 
Positive associations then underwent multiple hypothesis testing 
implemented in the R package (R core team 2013). For estimating 
GEBVs only the four most economically important traits were used (i) 
total foliar terpenes (ii) terpinen-4-ol+precursors, (iii) percentage 
terpinen-4-ol (plus precursors) and (iv) total monoterpenes. Only SNPs 
associated with one of these four traits with a p value of <0.05 were 
included. 
 
Results 
 
Quantitative and qualitative analysis of essential oils 
 
Within the 384 Melaleuca alternifolia plants from 200 families, total foliar 
terpene concentration varied more than 30 fold with a range from 4.4 -
142.3 mg.g DM-1 and an average of 36.2 mg.g DM-1 (Figure 3a). The 
major constituent and most sought after component of tea tree oil, 
terpinen-4-ol (plus precursors) ranged from 1.7 – 56.2 mg.g DM-1 
(average 13.4 mg.g DM-1), while 1,8-cineole, which the tea tree industry 
has been selecting against, ranged from 0.7 –22.3 mg.g DM-1 (average 
1.5 mg.g DM-1). Further measures of interest to the industry include total 
monoterpenes, which ranged from 3.4 - 122.5 mg.g DM-1 (average 29.3 
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mg.g DM-1) and total sesquiterpenes, which ranged from 1.0 – 22.2 mg.g 
DM-1 (average 7.1 mg.g DM-1) (Figure 3).  
 
Figure 3: Histograms of foliar terpene concentrations in 384 M. 
alternifolia individuals. Concentration in mg.g DM-1 of (a) Total terpenes, 
(b) terpinen-4-ol (plus precursors) (c) sesquiterpenes, (d) monoterpenes. 
 
 
Linkage disequilibrium 
 
Linkage disequilibrium within each of the ten loci (dxs1, dxs2, dxr, mcs, 
mct, hdr, hds, gpps, ippi1 and ippi2) was analysed. The linkage between 
SNPs in dxs1, dxs2, dxr, mcs, mct, hdr, hds, ippi1 and ippi2 decayed 
quickly with R2 falling to less than 0.3 within 0.5 kb with only a few 
exceptions. In dxr, SNPs at positions 325 and 326 were linked with 
SNPs at positions 1647 and 1684. The correlation between these SNPs 
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was R2 >0.6. Linkage between SNPs within gpps was also slightly 
stronger than average, with R2 > 0.4 at 1kb distance.  
 
Association study 
The association analysis performed in TASSEL (v3.0) produced 32 
significant associations at a p value of <0.01, 12 had a p value of <0.001 
(Table 3). A number of SNPs were associated with multiple traits leaving 
23 unique variants that showed significant associations with at least one 
trait. None of the investigated traits are completely independent and 
some are highly correlated, such as the concentration of terpinen-4-ol 
and total oil. When comparing which traits had associations with which 
gene, a few loci stand out with multiple significant associations, such as 
ippi2, gpps and mcs with 7, 6 and 6 significant associations, respectively 
(Table 4). Plotting the p values between all 731 SNPs and an 
economically important trait such as total oil concentration, it is apparent 
that the number of SNPs with low p values are represented at a fairly 
high proportion, which is expected due to the nature of the study, where 
candidate genes from the biosynthetic pathway of the products are 
investigated (Figure 4).  
 
The SNPs identified explained between 2.0 and 9.1% of variation in the 
different traits (Table 3). We could identify three types of associated 
marker-allele pairs (examples shown in Figure 5): 1) pairs with 
directional effects, where one genotype has the highest phenotypic 
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value, the heterozygote is the intermediate and the other homozygote 
has the lowest phenotypic value (e.g. terpinen-4-ol and mcs1139), 2) 
pairs with over-dominance, where the heterozygote has the highest 
phenotypic value (e.g. monoterpenes and dxr710), 3) under-dominance 
where the heterozygote has the lowest phenotypic value (e.g. 
sesquiterpenes and dxs1_427) (Figure 5).  
 
 
 
 
Figure 4: Manhattan plot of p values across the SNPs used in the 
association study on a log-10 scale  
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Trait Marker F p Error df R2 
1,8-cineole dxs2_553 8.71 0.00021 299 0.0552 
1,8-cineole ippi2_1052 5.62 0.00092 307 0.0522 
1,8-cineole dxs1_1275 6.52 0.00167 335 0.0375 
1,8-cineole ippi2_1055 5.69 0.00375 308 0.0357 
1,8-cineole % hdr_30 11.63 0.00001 316 0.0687 
1,8-cineole % gpps_354 10.45 0.00004 337 0.0585 
1,8-cineole % ippi2_1052 7.32 0.00009 307 0.0669 
1,8-cineole % ippi2_448 6.23 0.00041 312 0.0566 
1,8-cineole % dxs2_553 5.48 0.00460 299 0.0355 
Monoterpenes mcs_1139 10.21 0.00000 336 0.0837 
Monoterpenes ippi2_441 4.94 0.00231 313 0.0453 
Monoterpenes mct_794 6.09 0.00252 342 0.0345 
Monoterpenes mcs_1228 4.75 0.00295 335 0.0409 
Monoterpenes ippi2_342 8.87 0.00313 313 0.0276 
Monoterpenes ippi2_2334 4.67 0.00330 313 0.0430 
Monoterpenes dxr_710 4.64 0.00343 332 0.0403 
Sesquiterpenes mcs_1139 9.35 0.00001 336 0.0770 
Sesquiterpenes gpps_787 5.22 0.00588 340 0.0297 
Sesquiterpenes mcs_1228 4.04 0.00767 335 0.0348 
Sesquiterpenes dxs1_427 4.68 0.00989 335 0.0272 
Sesquiterpenes % ippi1_1297 4.92 0.00234 333 0.0425 
Sesquiterpenes % mct_794 5.73 0.00358 342 0.0324 
Sesquiterpenes % gpps_587 6.83 0.00934 341 0.0197 
Terpinen-4-ol+ 
conc 
mcs_1139 11.72 0.00000 336 0.0596 
Terpinen-4-ol+ 
conc 
mct_794 5.33 0.00526 342 0.0298 
Terpinen-4-ol+ % mct_434 4.84 0.00258 339 0.0412 
Terpinen-4-ol+ % ippi1_1520 4.88 0.00816 333 0.0285 
Terpinen-4-ol+ % gpps_560 4.78 0.00900 340 0.0274 
Terpinen-4-ol+ % gpps_64 4.78 0.00900 340 0.0274 
Terpinen-4-ol+ % gpps_803 4.78 0.00900 340 0.0274 
Total terpenes mcs_1139 11.31 0.00000 336 0.0904 
Total terpenes dxr_710 5.94 0.00059 332 0.0507 
Table 3: List of significant marker trait pairs and association statistics 
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Figure 5: Examples of marker effects on phenotype a) terpinen-4-ol 
(plus precursors) concentration in the three alleles of mcs1139, b) 
monoterpene concentration in the three alleles of dxr710, c) terpinen-4-
ol (plus precursors) percent in the three alleles of gpps64, d) 
sesquiterpene concentration in the three alleles of dxs1_427. 
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dxs1 1   1     2 
dxs2 1     1   2 
dxr   1  1    2 
mcs  1 2 2 1    6 
mct  1 1    1 1 4 
hdr      1   1 
hds         0 
gpps    1  1 1 3 6 
ippi1       1 1 2 
ippi2 2  3   2   7 
TOTAL 4 2 7 4 2 5 3 5 32 
Table 4: Significant associations by locus 
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Ridge regression was performed to determine genomic estimated 
breeding values (GEBV) of each individual. These were computed using 
the 104 SNPs identified with a p value of <0.05 in the four commercially 
important traits selected for analysis (foliar terpene, terpinen-4-ol and 
monoterpene concentration as well as the proportion of terpinen-4-ol 
compared to total oil). A less stringent cut off was used for SNP 
selection because when estimating GEBVs, covering as much variation 
as possible and including as many real positive associations as possible 
is more important than excluding all false positives. GEBVs select the 
individuals that have the “best” possible combination of alleles for each 
trait. The results (Table 5) showed a high degree of similarity GEBVs 
between total foliar terpene, terpinen-4-ol (plus precursors) and 
monoterpene concentrations, with the same four trees being the top four 
for each of these three traits. Percentage of terpinen-4-ol (plus 
precursors) showed less similarity.  
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Terpinen-4-
ol+ (%) 
Terpinen-4-
ol+ (mg.g DM) 
Total terpenes 
(mg.g DM) 
Monoterpenes 
(mg.g DM) 
Taxa GEBV Taxa GEB
V 
Taxa GEB
V 
Taxa GEBV 
295 0.02 32 7.16 32 16.03 32 12.28 
152 0.02 210 5.08 267 10.6 210 6.81 
178 0.01 125 3.91 210 9.51 267 3.16 
283 0.01 267 3.71 125 9.35 125 2.01 
158 0.01 249 2.95 279 6.47 279 1.6 
135 0.01 279 2.79 225 4.88 225 1.46 
31 0.01 225 1.84 217 4.81 249 0.12 
91 0.01 217 1.64 249 4.37 167 -0.49 
197 0.01 270 1.52 310 3.56 310 -0.7 
270 0.01 378 1.36 227 2.4 29 -0.91 
Table 5: Genomic estimated breeding values for M. alternifolia 
individuals for four economically important traits: Concentration (mg.g 
DM-1) of total terpenes, terpinen-4-ol (plus precursors) and 
monoterpenes, as well as the percentage of terpinen-4-ol (plus 
precursors). Top ten results shown. 
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Discussion 
 
Untangling the genetics of complex quantitative traits has been a major 
hurdle for molecular and population genetics. In this study we have 
identified a number of SNPs associated with variation in the 
commercially important traits total oil and terpinen-4-ol concentrations in 
medicinal tea tree (Melaleuca alternifolia). We have demonstrated that 
identifying variation that underlies economically important traits is 
feasible in emerging crop species and we believe that the results of this 
study can be successfully incorporated into the tea tree breeding 
programme, via techniques such as genomic estimated breeding values 
or marker assisted breeding to increase oil yield and profitability within 
the tea tree industry.  
 
Low levels of linkage disequilibrium (LD) in forest trees have historically 
made identifying markers of interest difficult, which has meant molecular 
breeding techniques have historically been impractical in most species. 
In forest trees LD generally decays to R2 < 0.3 within 1 to 2 kb in most 
species (Thornsberry et al. 2001, Neale et al. 2004, Thumma et al. 2005, 
Savolainen et al. 2007). The low levels of LD make whole genome scans 
and other marker based genetic approaches highly inefficient. For 
example, to get a decent coverage of the Eucalyptus genome, one 
would need one marker every 60 bp, which simply isnʼt feasible for large 
numbers of individuals at this point in time. Therefore candidate gene 
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association studies are the best tools we currently have for dissecting 
complex traits in forest trees such as M. alternifolia until whole genome 
sequencing becomes feasible. While low LD has made identifying QTLs 
historically difficult, it does make fine scale mapping of variance from 
sequence alone theoretically possible. Many of the SNPs identified in 
studies such as this will have a high likelihood of being the causative 
variant, which is unlikely in species with high levels of LD. The low levels 
of LD within forest trees is thought to be due to out-crossing, large 
effective population sizes and a long history of recombination (Nordborg 
2000, Brown et al. 2004, Ingvarsson 2005). In this study, the LD was 
tested in the ten candidate genes and mostly the LD decayed below R2 < 
0.3 within 1 kb, however, we did find a few exceptions where linkage 
was larger e.g. R2 > 0.6 over more than 1.3 kb in dxr and R2 > 0.4 over 1 
kb in mvk. Even in these instances, LD is still low when compared to 
inbreeding species such as Arabidopsis where linkage commonly 
extends to about 10 kb and can extend to over 250 kb (Nordborg 2000, 
Kim et al. 2007). These small areas where LD is larger than we may 
expect suggest that LD may not decay as fast or as uniformly in forest 
trees as is suggested by the published literature (Thumma et al. 2005, 
Neale 2007, Savolainen et al. 2007). Studies that extend over several kb 
could shine light on this question and the tools explored in this study can 
easily be used for further studies on variation and absolute LD in forest 
trees.  
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Many of the SNPs we identified were correlated with multiple terpene 
traits, which was expected given the strong correlations between the 
different terpene traits (e.g. total terpenes and terpinen-4-ol). For 
example, the SNP mcs1139 is significantly associated with four major 
terpene traits, total terpene, sesquiterpene, monoterpene and terpinen-
4-ol concentrations. The multiple associations make biological sense. 
For example, SNPs within gpps are mainly correlated with the proportion 
of different terpenes or classes of terpenes, e.g. the percentage of 1,8-
cineole, terpinen-4-ol (plus precursors), sesquiterpenes and 
monoterpenes in the foliar terpenes. Our results suggest that gpps plays 
a role in allocating resources towards the synthesis of different terpene 
classes in M. alternifolia – which is consistent with observations by 
Wildung and Croteau (2005) in mint. Similarly, the MEP pathway genes 
dxs, dxr, hds and hdr have been shown to affect oil yield in other plant 
species (Cordoba et al. 2009, Külheim et al. 2011) and the expression of 
mcs has been identified as important in determining oil yield in M. 
alternifolia (Webb et al. 2013, Chapter 2). Again, SNPs within these 
genes were correlated with changes in total terpene concentrations, 
consistent with the pattern observed in other plants.  
 
The significantly associated SNPs explained variation that was generally 
within the range of SNPs for other quantitative traits in other species (1-
5%) (Thumma et al. 2005, Gonzalez-Martinez et al. 2007, 2008, Eckert 
et al. 2009, Eckert et al. 2010, Külheim et al. 2011). There were a few 
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SNPs which had larger effect sizes e.g. mcs1139, which explained up to 
9% of variation in total foliar terpene concentrations. The existence of a 
handful of SNPs that explain >5% of variation, suggest that alleles of 
large effect may play an important role in determining phenotype in 
terpene traits in M. alternifolia and may be important for maintaining the 
standing variation in terpene concentrations seen in wild populations of 
Myrtaceae. This work adds to the growing amount of literature on the 
control of quantitative traits within forest trees, providing further insights 
into the genetic basis of natural variation by providing estimates of allelic 
effects on phenotype.  
 
While the mode of action for these still SNPs needs to be investigated 
through functional studies, we may, however, make guesses based on 
the location of the allelic variants. The location of most SNPs in known 
regulatory regions e.g. introns (Lu et al. 2008, Jeong et al. 2009), the 
previous work done on M. alternifolia and the effect gene expression has 
on oil yield (Webb et al. 2013) as well as literature from other plants, 
which shows gene expression plays a strong role in determining terpene 
yield, means it is likely that the SNPs in intros we have identified are 
changing gene expression in some way and that this is the most likely 
method of action for these SNPs. Further functional characterization 
studies should be able to shed light on this question and determine 
exactly how each of the SNPs we have identified exerts its influence on 
phenotype.  
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Together, the SNPs identified explain a relatively large amount of 
variation. For example unlinked SNPs explain 14% of variation in total 
foliar terpene concentrations and more than 24.7% of the variation in 
monoterpene concentrations. Here it is important take into account the 
“winners curse”, in which the effect of newly identified genetic 
association is often over-estimated (Beavis 1994). It is also likely, given 
the relatively small size of the study population that we have failed to 
identify a number of alleles of small effect size. Much greater statistical 
power is required to identify alleles that only have a small effect on 
phenotype (effects of smaller than 1%). These results add significantly to 
our understanding of the genetics that underlie quantitative terpene traits 
and provide a solid backbone for further crop improvement in M. 
alternifolia, through marker assisted breeding using the SNPs identified 
in this study, successfully addressing the original aims of the work.  
 
The promised gains from marker assisted breeding have generally failed 
to materialise thus far for a number of reasons. Firstly, the cost of 
developing molecular/genetic breeding programmes has until recently 
been prohibitively expensive. Secondly, early molecular breeding 
techniques failed to live up to their promise due to cost, poor 
experimental design (e.g. small mapping populations) available 
technologies and the complex architecture of quantitative traits 
(reviewed by Young 1999). However, recent advances in molecular 
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breeding techniques now make them accessible to small industries such 
as the tea tree industry. Using molecular techniques allows selection of 
trees before they can be traditionally phenotyped (as 2 month old 
seedlings compared to 1-2 year old trees), as well as potentially 
facilitating greater precision and efficiency gains across the breeding 
programme. This is likely to result in faster/larger gains in oil yield than 
would otherwise be possible.  
 
Over the last five years, the use of genomic selection (GS) using 
genomic estimated breeding values (GEBVs) has skyrocketed in plant 
breeding programs. GS provide a number of advantages over both 
phenotypic and traditional molecular breeding techniques (Kainer et al. 
in revision), providing greater predictive accuracy over both methods, as 
well as avoiding the difficult problems associated with authenticating 
individual SNPs and the difficulties involved in identifying SNPs of small 
effect size (Clayton et al. 2005, Ingvarsson and Street 2011). In a study 
such as this our detection limit for SNPs using classic association 
techniques is ~0.8%, meaning any SNPs that have a smaller effect size 
canʼt be detected (Goddard and Hayes 2009). SNPs with small effect 
sizes are likely to make up a large amount of the variation in any 
quantitative trait and capturing that variation will be of great value to any 
breeding programme. While GEVBs were developed as a genome wide 
technique, we estimated them using the data from the 10 structural 
genes included in this study to illustrate their potential uses within the 
 145 
tea tree breeding programme. Even though we were only using 100 
SNPs we were able to generate a usable signal, suggesting that the use 
of genomic selection within the tea tree breeding programme is likely to 
be a very promising avenue for the industry. The recent development of 
weighting methods (e.g. W-BLUP) for alleles of known effect, which can 
improve the predictive accuracy of GEBVs (Tiezzi and Maltecca 2014, 
Zhang et al. 2014, Zhao et al. 2014) mean that the knowledge gained 
through this work can be utilised to improve the accuracy and 
performance of any future GS efforts within the species.  
 
The benefits of understanding the genetic architecture that underlies 
traits of economic importance isnʼt just confined to increasing gains in oil 
yield. Traditional breeding has already produced large gains in oil yield 
through the current tea tree breeding programme. The bigger gains 
potentially come when the industry has to adapt to biotic and abiotic 
threats such as disease and climate change. For example, disease 
could potentially wipe out much of the gains made by the breeding 
programme or significantly reduce genetic variation contained within the 
breeding programme. Knowing the fundamental genetics that underlie 
those gains mean that more can be done to protect important variation if 
a scenario like that arises. For example important alleles can be 
screened for and bred back into the breeding population if they are lost. 
That means work like this can act as insurance for the gains already 
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made as well as making the industry more nimble and adaptable when it 
faces future threats to the industry.  
 
We believe that Myrtaceae provides a wonderful model to put both these 
goals into practice, to not just significantly increase our knowledge of 
how quantitative variation in traits is controlled and maintained but to 
also simultaneously provide significant economic gains to the emergent 
industries that rely on those same traits for their continued economic 
stability. 
 
Conclusions 
 
This work is an important step towards answering a number of questions 
about the maintenance of quantitative traits such as oil yield. We are 
now able to begin to answer questions about the genetic architecture of 
quantitative traits. What the importance of alleles of small and large 
effect are in maintaining variation, whether adaptive alleles are derived 
from new or standing variation as well as whether parallel adaptation 
happens between different species in the same set of genes. The work 
in this study as well as the work in Chapter 4 provides a solid framework 
to begin addressing those questions. Further work on M. alternifolia and 
closely related species should help us start answering these questions 
and help developing a solid understanding of how variation of terpene 
traits is maintained within Myrtaceae and the processes that underlie the 
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large amounts of variation seen in the family. This work also 
simultaneously lays a framework for the improvement of M. alternifolia 
as a crop species and has significant economic value. By identifying a 
set of alleles that effect oil yield this work will lead to large gains in oil 
yield in the tea tree oil industry and provide a significant return to 
industry.  
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Chapter 4: 
 
Association genetics of essential oil traits in 
Eucalyptus loxophleba: explaining variation in oil 
yield 
Abstract  
“Oil mallees” are an informal grouping of small, multi-stemmed 
Eucalyptus trees that coppice strongly from a lignotuber and contain 
high concentrations of foliar essential oils. In South-Western Australia, 
extensive land clearing has led to a rising water table and severe 
dryland salinity which has reduced the productivity of the land and which 
also threatens towns and other infrastructure. Planting oil mallees has 
been widely used in SW Australia to lower the water table and combat 
these issues. 
 
Eucalyptus loxophleba is one of the main species being used for this 
type of restoration in SW Australia. Given that it is a largely unimproved 
crop, selective breeding to improve oil yields is vital for encouraging 
further plantings of these trees on farms across the affected regions. In 
this study we investigated the association between sequence variants in 
ten candidate genes and phenotypic variation in essential oils. We 
successfully identified a number of polymorphisms that can potentially 
be used to improve oil yield within the crop, however the results were 
somewhat complicated by genetic structure. Nonetheless, this work is an 
important first step towards improving the profitability of E. loxophleba 
and highlights the potential of molecular breeding to boost oil yield within 
the species.  
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Introduction 
 
Most essential oils are derived from crops specifically planted for that 
purpose or else harvested from wild sources (Coppen et al. 2003). 
However, essential oil bearing plants can serve many roles and provide 
multiple valuable products. “Oil mallees” are an informal grouping of 
small, multi-stemmed Eucalyptus trees that coppice strongly from a 
lignotuber and contain high concentrations of essential oils (e.g. E. 
loxophleba, E. polybractea, E. kochii). In South-Western Australia, 
extensive clearing of the native vegetation has led to a rising water table 
and severe dryland salinity which has reduced the productivity of the 
land and which also threatens towns and other infrastructure. To 
address these issues oil mallees have been widely planted to lower the 
water table and the threat of salinity.  
 
In addition to “ecosystem services” such as combating salinity, the oil 
mallees can be regularly coppiced to provide solid wood for production 
of activated charcoal, electricity from the remaining biomass and 
valuable essential oils from distillation of the leaves. Increasing the yield 
of essential oils from these mallees improves the incentives for farmers 
to plant the trees and improve the sustainability of the land. (Bell et al. 
2001). Integrated plantings with wheat crops growing between alleys of 
oil mallees have been identified as a sustainable method for land 
restoration (Wildy et al. 2000). 
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Previous studies have shown that the concentration of essential oils in 
these and other species of Eucalyptus vary widely (Keszei et al. 2008) 
and are strongly heritable (Webb et al. 2014, Chapter 1). This provides 
an opportunity to use novel genetic approaches to select for improved 
essential oil yield at an early growth stage without having to wait until the 
plants to mature. The essential oils are largely composed of terpenes 
and their derivatives (Boland et al. 1991). These are low molecular 
weight organic compounds that are constructed from isoprene units 
(five-carbon containing compounds – C5), resulting hemi- (C5), mono- 
(C10), sesqui- (C15), di- (C20), tri- (C30) and tetra-terpenes (C40) 
(Lichtenthaler 1999, Dudareva et al. 2005). The terpene biosynthetic 
pathway is well understood (see Chapter 1 for a comprehensive review).  
 
The type of terpenes that accumulate in the leaf is largely determined by 
specific terpene synthase genes and in some cases, secondary 
modification of the terpenes by Cytochrome P450 enzymes. In 
Myrtaceae, sequence differences in specific terpene biosynthetic genes 
correlate more strongly with phenotypic variation than in other plant 
families (Keszei et al. 2010). In contrast, quantitative variation is 
determined by allelic differences in a number of different genes, 
including the first two steps in the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) pathway, dxs (1-deoxyxylulose-5-phosphate synthase) and dxr 
(1-deoxyxylulose-5-phosphate reductoisomerase) (Mahmoud and 
Croteau 2001, Dudareva et al. 2005, Carretero-Paulet et al. 2006, Fung 
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et al. 2010) as well as potentially gpps, mcs, hdr and hds (Webb et al. 
2013). For example Külheim et al. (2011) found that variants of hds and 
hdr were strongly associated with total oil yield in Eucalyptus globulus. 
 
Until recently, obtaining data on these genes and gene variants has 
been difficult. The most commonly used approach has relied on QTL 
mapping to identify regions of the genome that are correlated with 
particular traits but there are several problems with the approach. These 
include the time and difficulty of making controlled crosses, the narrow 
genetic base with only a few allelic variants represented within the 
controlled cross and the inability to use the loci beyond restricted 
pedigrees (Holland 2004).  
 
In contrast, association or linkage disequilibrium mapping can produce 
markers that are useful across the whole breeding population with the 
markers being located in the gene of interest and often at the nucleotide 
that changes the function of the gene (Brown et al. 2004, Ingvarsson 
2005). In order to carry out association mapping successfully, there must 
be good background information on the extent of linkage disequilibrium 
in the population and any structure (both population and chemical) must 
be accounted for. 
 
In this study, we investigated the association between sequence variants 
and phenotypic variation in essential oils in a population of E. loxophleba 
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(York Gum), one of the primary species being used for restoration in SW 
Australia. Eucalyptus loxophleba is a species complex containing two 
small trees (E. loxophleba ssp. loxophleba and E. loxophleba ssp. 
supralaevis), five mallees (E. loxophleba ssp. lissophloia, E. loxophleba 
ssp. gratiae, E. blaxellii, E. semota and E. articulata) (Hines and Byrne 
2001). Whilst these are considered different subspecies, there are low 
levels of genetic differentiation at both the species and subspecies level 
(Hines and Byrne 2001). The subspecies also show differences in leaf 
chemistry as the two mallee taxa both possess high levels of the leaf oil, 
1,8-cineole (Grayling and Brooker 1996).  
 
We established a common garden containing the four sub-species of E. 
loxophleba from across the distributional range as well as E. blaxellii and 
E. semota but these latter two species did not survive initial 
establishment. We then used a candidate gene approach based on the 
MEP pathway and pathways of terpene biosynthesis to identify 
associations between these genes and the essential oil phenotype in 
order to identify desirable alleles for breeding plants with enhanced 
essential oil yield. 
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Materials and methods 
 
Plant Material 
 
Samples from Eucalyptus loxophleba for this study were collected from a 
specifically designed association genetics experiment planted at 
Narrogin, WA. The experiment consisted of 440 families of all four 
subspecies of E. loxophleba. Only about 390 of the families survived at 
the time of sampling and we collected leaf material from each tree and 
immediately froze the samples on a bed of solid CO2. Multiple samples 
were taken for some families, resulting in the collection of 496 samples. 
 
Terpene extraction and analysis 
 
Terpenes were extracted from each leaf sample with ethanol containing 
an internal standard of tetradecane according to the method described 
by Southwell and Russell (2002). Gas chromatography was carried out 
on an Agilent 5890 GC using an Alltech AT-35 (35% phenyl, 65% 
dimethylpolyoxylane) column (Alltech, Wilmington, DE). The column was 
60 m long with an internal diameter of 0.25 mm with a stationary phase 
film thickness of 0.25 μm. Helium was used as a carrier gas. The 
ethanol extract was filtered through a 0.45 μm filter, and 1 μl was 
injected at 250°C at a 1:25 split ratio. The temperature program was as 
follows: 100°C for 5 min, ramping to 200°C at 20°C·min-1 followed by a 
ramp to 250°C at 5°C·min-1, and held at 250°C for 4 min. The total 
elution time was 25 minutes. Components of the solvent extract were 
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identified using an FID and an Agilent 5973 Mass Spectrometer dual 
setup through an SGE MS/FID splitter. Peaks were identified by 
comparisons of mass spectra to reference spectra in the National 
Institute of Standards and Technology library (Agilent Technologies, 
Deerfield, IL) (Stein et al. 2002) and major peaks verified by reference to 
authentic standards. Terpene raw data was analysed for distributions 
and correlations with R statistical software package (R development 
core team 2010). 
 
DNA extraction 
 
Genomic DNA (gDNA) was isolated from E. loxophleba with a Qiagen 
DNeasy 96 Plant kit (Qiagen Australia, Doncaster, Vic, Australia). We 
measured the gDNA concentration of each individual sample with a 
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA) and adjusted the concentration to 25 ng/μl.  
 
Gene discovery and primer design 
 
We selected candidate genes from the MEP pathway because the major 
terpenes in the essential oil of E. loxophleba are monoterpenes. In all we 
selected 11 genes (1-deoxy-D-xylulose 5-phosphate synthase (dxs1, 
dxs2), 1-deoxy-D-xylulose 5-phosphate reductase (dxr), 4-
diphosphocytidyl-2-C-methyl-D-erythritol synthase (mct), 4-(cytidine 5ʼ-
diphospho)-2-C-methyl-D-erythritol kinase (cmk), 2-C-methyl-D-erythritol 
2,4-cyclodiphospate synthase (mcs), (E)-4-Hydroxy-3-methyl-but-2-enyl 
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pyrophosphate synthase (hds), isopentyl pyrophosphate synthase (ippi), 
geranyl pyrophosphate synthase (gpps) and geranylgeranyl 
pryrophosphate synthase (ggpps)). The publically available genome 
sequence of Eucalyptus grandis 
(http://www.phytozome.net/eucalyptus.php) was mined for genes from 
the MEP and downstream terpene biosynthesis pathway using a BLAST 
search. The baits were amino acid sequences from well characterised 
genomes such as that of Arabidopsis thaliana. Our search was 
successful for each gene of interest. Primers were designed based on 
the E. grandis genes aimed at the first and last exon of each gene. Each 
of the genes was then PCR amplified from 12 individuals of 
E. loxophleba and products were sequenced on an ABI3130xL genetic 
analyser. Those sequences were then used to design species-specific 
primers for E. loxophleba.  
 
Verification of primers and fragment amplification 
 
We verified that all primers worked within E. loxophleba using 12 
individuals, which were selected to cover the geographic range. 
Fragments were amplified by PCR with TAQTi (Fisher-Biotech, West 
Perth, Australia) using standard PCR conditions, separated on 1.2% 
Agarose gels containing ethidium bromide with images captured on a 
Molecular Imager Gel Doc XR System (Bio-Rad Laboratories, Hercules, 
CA, USA). After optimisation of PCR conditions for each amplicon, each 
gene was amplified from ~480 individuals of E. loxophleba. Amplicons 
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were separated on an agarose gel to ascertain its quality and for 
quantification purposes. Genes from individuals that failed to amplify 
were marked and amplified separately until more than 95% of all 
individuals had a quantifiable product. The quantity of each product was 
ranked on a scale from 1-4. 
 
Library preparation for Illumina sequencing 
 
Equal amounts of amplicons from each gene for each individual were 
pooled together taking into account the product amount as quantified 
above and the length of each fragment. The pooled fragments were then 
purified using the QIAquick PCR purification kit (Qiagen Australia). The 
purified pools of amplicons were then sonicated using the Diagenode 
Bioruptor® Standard system. Shearing was optimized to reach ca. 280 
bp fragment size at 4-6ºC with an on/off cycling of 30/90 s with 15 cycles 
at maximum energy. We used blunt-end ligation to ligate 192 different 8 
bp long barcodes to the first 192 samples and then repeated the 
procedure twice more until all samples were processed according to the 
protocol of Meyer et al. 2008. Prior to pooling each set of 192 samples, 
we quantified the DNA for each barcoded sample using the Qubit® 
fluorometer with Qubit® dsDNA HS assays (Life Technologies, Mulgrave 
Australia). Overall, 430 samples contained sufficient quantities of DNA 
and were used for pooling and library preparation. TruSeq library kits 
were used to produce 3 Illumina sequencing libraries (one each per set 
of 192 individuals), each with an individual external barcode (as opposed 
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to the internal barcodes used previously). This way we were able to 
multiplex all 430 samples onto a single lane of the Illumina HiSeq2000 
system. 
 
Illumina sequencing and assembly 
 
The TruSeq libraries were sequenced at the Biomolecular Research 
Facility at the Australian National University on a single lane of the 
Illumina HiSeq2000 platform using 2 x 100 bp read sequencing. The 
HiSeq Control Software was used for base-calling and separation of the 
three external barcodes. We obtained 73.4 million reads of 100 bp each 
(7.34 Gbp). In collaboration with the Genome Discovery Unit at the 
Australian National University some basic bioinformatic analyses were 
performed. First, the quality of the reads was analysed and reads that 
fell below a quality score of 30 were removed, second, a script in 
Biopython was used to separate the reads according to their internal 
barcode. 71.4% of the reads passed the quality control and had intact 
barcodes (52.4 million reads). Very few individuals did not have enough 
reads for further analysis (Table 1). 
 
All reads for each individual were imported into CLC Genomics 
Workbench (CLC bio, Aarhus, Denmark) and assembled against the 
reference sequences which were previously sequenced from 12 
individuals. Several rounds of reference sequence optimisation were 
performed (extracting the consensus sequence after assembly and then 
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using this as a new version to assemble the reads against). After the 
fourth round of optimisation of the reference sequence, 77.25% of the 
reads mapped against the reference sequence (Table 2) and reads from 
each individual were assembled against the last version of the reference 
sequence. 
 
 
 
Criteria Number 
No of individuals 432 
No of individuals with 
useful genotype data 
400 
No of loci amplified 11 
No of loci with useful data 10 
Length reference 
sequence 
36352 
No of reads sequenced 73366412 
No of bp sequenced 7336641200 
No of reads sorted by 
barcode 
52353986 
No of bp sorted by 
barcode 
5235398600 
No of reads mapped to 
reference 
40443628 
No of bp mapped to 
reference 
4044362800 
Table 1: Sequencing statistics  
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Gene Length 
(bp) 
Reads Total 
bases 
(Mbp) 
Average 
coverage 
per position 
Average 
coverage 
per 
position & 
individual 
dxs1 1824 3754339 375 205830 479 
dxs2 774 3313887 331 428151 996 
dxr 2094 2526912 252 120674 281 
mcs 1876 3811470 381 203170 472 
mct 5448 6729635 673 123525 287 
hds 5000 3878249 388 77565 180 
hdr 3200 2429467 243 75921 177 
ippi 1752 6014899 601 343316 798 
gpps 3992 2695356 270 67519 157 
ggpps 1181 2178926 218 184498 429 
Table 2: Mapping statistics. We amplified 10 genes involved in terpene 
biosynthesis. For each gene we have presented the length in base pairs, 
the total number of reads mapping to the reference (Reads), the total 
number of base pairs mapping to the reference (Total bases (Mbp)), the 
average coverage at each position (the number of times we found a 
particular nucleotide in the reads) and the average coverage per position 
and individual (the number of times we found a particular nucleotide in 
the reads obtained from each individual).  
 
 
SNP detection and analysis 
 
We used the CLC Genomics Workbench software (CLC bio, Denmark) 
to detect single nucleotide variants within each individual. After 
reference assembly we had average sequencing depths between 157 
and 996 reads at each nucleotide site and individual (average of 426). 
We used a SNP discovery window of 7 bp at a central base quality score 
of 30 with surrounding base quality scores of 20 or more. Sites that had 
homozygous differences and sites that were heterozygous were 
extracted. A heterozygous site was qualified as having two alleles with 
read frequencies between 30 and 70%, while homozygous sites had a 
single different allele with a frequency of 70% or more. 
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SNP data were uploaded into TASSEL (v3.0) (Bradbury et al. 2007) and 
analysed for linkage disequilibrium. Association analysis was performed 
using the mixed linear model (MLM) implemented in TASSEL (v3.0) 
(Bradbury et al. 2007). Input data files for this analysis include the 
phenotype data file, the genotype data and a kinship family matrix. The 
kinship family matrix was created in TASSEL using common variants 
(MAF>0.05) where heterozygotes were modeled as related to 
homozygotes and the data was rescaled between 2 and 0 (Additional 
File 1). Ridge regression was performed with all SNPs that had a minor 
allele frequency (MAF) of >0.01 and associated with an oil phenotype 
with a statistical significant p value of <0.05. 
 
Results 
 
Qualitative and quantitative variation in the terpene dominated 
essential oils of E. loxophleba.  
We collected samples from 390 families of E. loxophleba in a plantation 
designed to help improve Eucalyptus oil yields in E. loxophleba. Based 
on the Australian Standards for eucalyptus oil (AS 2113.1-1998 and AS 
2113.2-1998) and previously reported chemical profile of different 
sub-species (Coppen 2003), we expected the leaves to contain a high 
concentration of 1,8-cineole and a low concentration of α-pinene.  
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Forty seven putative terpene structures were quantified from 489 
individuals of E. loxophleba and major peaks were identified by 
comparison to internal standards or comparison of MS signature to the 
National Institute of Standards and Technology library (Agilent 
Technologies, Deerfield, IL) (Stein et al. 2002). The main compound of 
interest for E. loxophleba is 1,8-cineole, which is the dominant terpene in 
this species and on average made 43.5% (median 50.4%) of the total 
terpene content. We also analysed α-pinene and the total oil 
concentration for all plants. The total oil content ranged from 3.7 to 75.3 
mg.g DM-1 with an average of 33.5 mg.g DM-1 (median 32.3 mg.g DM-1) 
(Figure 1A). The distribution of 1,8-cineole ranged from 0.9 to 42.3 mg.g 
DM-1 with an average of 15.4 mg.g DM-1 (median 15.2 mg.g DM-1) 
(Figure 1B). There are distinct Chemotypes in E. loxophleba, one of 
which has a very low proportion of 1,8-cineole. The distribution of α-
pinene ranged from 0.01 to 14.1 mg.g DM-1 with an average of 3.9 mg.g 
DM-1 (median 3.4 mg.g DM-1) (Figure 1C). 
 
To perform formal association studies with phenotypes we needed to 
understand both the distribution of the phenotype (ideally normal 
distributed) and the relationship between the traits of interest. As 
expected, the concentration of 1,8-cineole was not independent from the 
total oil concentration. Linear regression between the two showed an R2 
value of 0.63 (Figure 2A) and when we excluded the Chemotype B 
individuals (individuals that contained low proportions of 1,8-cineole 
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Figure 1: Histograms of terpene traits in Eucalyptus loxophleba a) 
Histogram of total oil concentrations, b) histogram of 1,8-cineole 
concentrations, c) histogram of α-pinene concentrations.  
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Figure 2: The relationship between key foliar essential oil characteristics 
of 480 E. loxophleba plants, all concentrations in mg.g DM-1: 1,8-cineole 
and total terpene concentrations (A), α-pinene and total terpene 
concentrations (B) and 1,8-cineole and α-pinene concentrations (C). 
There is a line representing a simple linear regression and the equation 
of the line and the R2 value are shown on the chart. 
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compared to total oil), this relation became even stronger with an R2 of 
0.87 (Figure 2B). The correlation between the concentration of α-pinene 
and total oil was only slightly weaker with an R2 of 0.58 (Figure 2C). We 
also found a significant correlation between the concentration of α-
pinene and 1,8-cineole with an R2 of 0.74 (Figure 2D). 
 
Sequencing 
 
We sequenced 7.3 Gbp of DNA from 430 individuals of E. loxophleba, 
which corresponds to approximately 12x coverage of the entire genome 
of the species. We removed ca. 18% of the reads due to overall low 
quality scores and a further 10% due to absence of intact barcodes 
(Table 1). After separating all reads according to their individual specific 
barcode, the distribution of reads across individuals showed little 
variation, with a sharp drop off for the lowest covered 32 individuals, 
which were excluded from further analysis.  
 
We obtained useable data on 10 out of 11 genes from 400 individuals, 
with insufficient sequence data for 4-(cytidine 5ʼ-diphospho)-2-C-methyl-
D-erythritol kinase (cmk). We then mapped the reads from each 
individual against the reference sequences to generate one contig per 
gene per individual (see statistics in Table 2). This was the final dataset 
used for sequence variant identification. We obtained an average 
coverage of 426 reads per position and individual, giving us great 
confidence for variant calling. 
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Sequence variants 
 
We discovered 4353 sequence variants across all genes (Table 3). 
When filtering the variants by minor allele frequency (MAF), we 
discovered 1347 variants at MAF > 0.01, 700 variants at MAF > 0.05, 
and 445 variants at MAF > 0.1. Both the MAF and linkage disequilibrium 
affect the outcomes of genome-wide association studies (Walters, 
Laurin, Lubke 2012) and so we had to carefully decide which thresholds 
to use for our association study. We selected allelic variants with MAF > 
0.01 for our association analysis to exclude potential sequencing or PCR 
artifacts, but to maintain as many informative variants as possible.  
 
Cut-off level No of variants 
No cut-off 4353 
MAF>0.01 1347 
MAF>0.05 700 
MAF>0.1 445 
Table 3: Number of allelic variants discovered at different minor allele 
frequencies (MAFs). 
 
Linkage disequilibrium  
 
There was very little linkage within the genes used in this study, with 
linkage generally decaying within 50 bp (data not shown). The locus 
which has the longest extent of linkage was ggpps with average linkage 
extent of approximately 200 bp (R2 > 0.3). Therefore it was likely that if 
an allelic variant associated with a phenotypic trait, that the causative 
QTL (or QTN) would be within 50 bp of the variant and can likely be the 
QTN itself. While these linkage data give us average for each locus, we 
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nevertheless tested surrounding linkage for each associated variant in 
case the variant was located within a larger linkage block.  
 
Associations 
 
A total of 4041 association test were performed (1347 variants and three 
phenotypes) and resulted in 197 positive associations at the significance 
level of p = 0.05 (Additional File 2). At the more conservative 
significance level of P = 0.01, 45 positive associations were discovered 
(Table 4). Of these 16 were associations with α-pinene, 16 with 1,8-
cineole and 13 with total terpenes.  
 
The amount of phenotypic variation that could be explained by each 
variant (R2) ranged from 2.4 to 11.1 % with an average of 4.2%. Several 
variants are associated with more than one trait, giving a total of 36 
unique variants that showed significant associations. Most were found in 
introns, 6 were synonymous SNPs in exons and 3 were non-
synonymous SNPs in exons. Examples of the effect of different alleles 
on the concentration of a particular trait are shown in Figure 4. We can 
distinguish three types of associated marker-allele pairs: 1) pairs with 
directional effects, where one genotype has the highest phenotypic 
value, the heterozygote is the intermediate and the other homozygote 
has the lowest phenotypic value (e.g. total oil and hdr476), 2) pairs with 
over-dominance, where the heterozygote has the highest phenotypic 
value (e.g. total oil and hdr276), 3) under-dominance where the 
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heterozygote has the lowest phenotypic value (e.g. 1,8-cineole and 
hdr3127).  
 
 
Figure 3: A visual representation of the effect of some SNPs on the 
essential oil trait. The upper two rows show associations between SNPs 
and total terpene concentration, whilst the lower two rows show 
associations between SNPs and 1,8-cineole concentration.  
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Trait Marke
r 
SNP Type F P N R2 
α-pinene  dxN1_5
8 
A/G nd 9.52 0.0022 359 0.026 
α-pinene  dxN1_6
5 
A/G nd 4.45 0.0044 353 0.037 
α-pinene dxN1_6
9 
A/T nd 5.27 0.0056 352 0.029 
α-pinene  dxr_789 C/T Intron 9.59 0.0021 351 0.027 
α-pinene  dxs_N8
_249 
A/T nd 6.34 0.002 371 0.033 
α-pinene  dxs2_15
8 
C/T Exon ns 7.87 0.0005 366 0.041 
α-pinene  dxs2_48
6 
A/G Intron 7.88 0.0004 367 0.041 
α-pinene  hdr_312
7 
A/T Intron 5.08 0.0069 257 0.038 
α-pinene  hdr_476 C/T Intron 5.65 0.004 255 0.043 
α-pinene  hdr_516 A/G Intron 5.67 0.0039 250 0.044 
α-pinene  hds_130
5 
A/G Intron 4.39 0.0048 322 0.039 
α-pinene  hds_200
3 
C/G Intron 5.43 0.0012 320 0.049 
α-pinene  hds_206
2 
A/G Exon s 6.27 0.0021 321 0.038 
α-pinene  hds_397
0 
C/G Intron 3.54 0.0076 321 0.042 
α-pinene  hds_482
7 
C/T Intron 5.53 0.0044 315 0.034 
α-pinene  hds_487
0 
C/T Intron 3.38 0.0055 313 0.051 
1,8-cineole dsx1_13
12 
C/T Exon s 4.9 0.0081 293 0.032 
1,8-cineole dxN1_5
8 
A/G nd 7.69 0.0059 314 0.024 
1,8-cineole dxs_N1
_208 
C/T nd 15.09 <0.0001 303 0.091 
1,8-cineole ggpps_2
33 
C/T Exon s 19.54 <0.0001 313 0.111 
1,8-cineole gpps_27
63 
A/T Intron 4.12 0.0071 249 0.047 
1,8-cineole hdr_169
3 
A/T Intron 8.15 0.0047 231 0.034 
1,8-cineole hdr_276 A/T Intron 6.24 0.0023 227 0.052 
1,8-cineole hdr_312
7 
A/T Intron 5.2 0.0062 229 0.043 
1,8-cineole hdr_516 A/G Intron 5.03 0.0073 222 0.043 
1,8-cineole hdr_529 A/T Intron 5.21 0.0061 228 0.044 
1,8-cineole hds_301
9 
A/C Exon ns 5.58 0.0042 278 0.039 
1,8-cineole mcs_10
45 
A/G Intron 3.4 0.0097 321 0.041 
1,8-cineole mcs_10
51 
G/T Intron 6.54 0.0016 329 0.038 
1,8-cineole mcs_17
24 
A/G Exon s 13.86 <0.0001 328 0.078 
1,8-cineole mcs_54 C/T Exon s 14.97 <0.0001 321 0.086 
1,8-cineole mcs_96
7 
A/G Intron 3.94 0.0087 327 0.035 
total terpenes dxN1_5
8 
A/G nd 10.62 0.0012 359 0.029 
total terpenes dxN1_6
5 
A/G nd 5.36 0.0013 353 0.044 
total terpenes dxN1_6
9 
A/T nd 7.2 0.0009 352 0.039 
total terpenes hdr_276 A/T Intron 4.85 0.0086 254 0.037 
total terpenes hdr_476 C/T Intron 6.69 0.0015 255 0.05 
total terpenes hdr_516 A/G Intron 6.26 0.0022 250 0.048 
total terpenes ippi_603 C/T Intron 5.26 0.0056 389 0.026 
total terpenes mcs_16
39 
C/T Intron 4.68 0.0098 371 0.025 
total terpenes mcs_17
9 
C/T Exon ns 5.26 0.0056 350 0.029 
total terpenes mcs_55
2 
C/T Exon s 5.02 0.0071 340 0.029 
total terpenes mcs_90
6 
A/G Intron 4.44 0.0044 366 0.035 
total terpenes mcs_99
9 
A/T Intron 4.78 0.009 357 0.026 
total terpenes mct_315
4 
A/T Intron 5.53 0.0043 336 0.032 
Table 4: List of significant marker-trait pairs and association statistics. 
The trait is an essential oil characteristic measured in concentration 
(mg/g dry weight). The position of the sequence variant is described as 
contig (or gene) and nucleotide position in the reference sequence 
(Marker).  
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Discussion 
 
The aim of this study was to identify the genetic basis of essential oil 
yield in York gum (Eucalyptus loxophleba) to enable the essential oil 
industry in Australia to use this information to improve oil traits and make 
York gum a more profitable crop. The oil mallee industry is in the very 
early stages of its development as a viable industry. Of upmost 
importance in such an emerging industry is improving the product 
quickly, to ensure its on-going viability. The faster this can happen the 
better it is for all stakeholders involved, government, researchers and 
farmers. Tree breeding is an inherently slow process, with long 
generation times. This means it is important for industry to utilise all the 
tools at its disposal to improve the product as quickly as possible. 
In this study we have identified a number of single nucleotide 
polymorphisms (SNPs), which explain variation in essential oil yield 
found in E. loxophleba. However, as will be discussed later, the 
associations identified here are complicated by both genetic and 
chemical structure. Genetic variants can either change the properties of 
enzymes or the expression of genes leading to changes in phenotype, in 
this case oil yield, or be neutral. This variation is the basis on which 
future gains in oil yield will be made. In short, the future of the industry 
relies on selecting for these small changes in the DNA which effect oil 
yield.  
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Linkage disequilibrium 
 
In the ten genes studied here, linkage between markers decayed 
quickly. Even in the most strongly linked gene (gpps) average linkage 
decayed to R2<0.3 within 200 bp. This is typical for outbreeding forest 
trees where it is traditionally thought that linkage disequilibrium is 
universally low. Previous studies have shown that linkage between two 
loci (defined by R2 <0.3 of two distinct alleles) decays within 1-2 kb in 
forest trees (Neale 2007, Neale et al. 2004, Savolainen et al. 2007, 
Thornsberry et al. 2001, Thumma et al. 2005, Külheim et al. 2011). Low 
levels of linkage in forest trees is most likely due to high levels of out-
crossing, large effective population sizes and a long history of 
recombination in these species (Nordborg 2000, Brown et al. 2004, 
Ingvarsson 2005).  
 
The low levels of LD in E. loxophleba create a number of issues for 
association studies within the genus. Low levels of LD combined with 
the high number of SNPs, mean very high marker densities are needed 
to cover the genome. This means that technology such as the recently 
developed eucalyptus SNP chip with 60,000 SNPs markers, one marker 
every 8 kb in the Eucalyptus genome, and just one successful marker in 
every 16 kb on average (Gratapaglia personal communication), are only 
of limited use in the genus. This chip would be useful in breeding 
populations with small effective population sizes, where linkage extends 
over 10 - 20 kb, but not in this study where linkage on average decays 
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within just 50 bp. Therefore a candidate gene approach was chosen for 
this study, allowing full coverage across regions of interest known to be 
involved in controlling oil yield in plants. Now that whole genome 
sequencing is becoming feasible/economic in emerging crop species, 
future studies will be able to cover the entire genome, allowing for the 
discovery of a large proportion of the currently missing effect size. 
Candidate gene/region studies will still play a role and are likely to be 
the cheapest way to validate SNPs identified in future genome wide 
association studies.  
 
Association analysis and estimated breeding values 
 
While 36 unique SNPs associated with various oil traits (p< 0.01), none 
of the SNPs passed multiple hypothesis testing. Despite this we believe 
that many of the SNPs we have identified that associated with oil yield 
traits are false negatives and do have a real effect on phenotype. Our 
reasoning for this is multifaceted. Firstly, many of the SNPs we have 
identified make biological “sense”. For example, there are 8 associations 
with oil traits and SNPs in dxr. This gene is widely thought to be an 
important rate-controlling step within the MEP pathway (discussed in 
introduction, Chapter 1), as well as in M. alternifolia a member of the 
Myrtaceae family (Chapter 2, Webb at al. 2014). Similarly, we identified 
11 associations with SNPs within hdr and 7 within hds. Külheim et al. 
(2011) identified SNPs in both hdr and hds in E. globulus correlated with 
oil yield. Lastly, we identified 10 associations with mcs. In M. alternifolia, 
another member of the Myrtaceae family, the expression of mcs has a 
significant effect on oil yield and may play an important role in 
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determining yield (Webb et al. 2013, Chapter 2, 4, 5). The fact that all of 
the most significant associations occur in genes known to control oil 
yield in a range of species, including other members of the Myrtaceae 
family, and not in the other genes included in the study (e.g. ippi1, ippi2, 
gpps, mct and ggpps) provides strong evidence that many of the SNPs 
identified are likely to have a real effect on oil yield, despite failing 
multiple hypothesis testing. If the associations were purely due to 
chance we would expect a similar number of significant associations in 
all the genes used in the study. Added to this, the box plots for each of 
the significant associations provide further, albeit circumstantial, support 
for the SNPs we have identified (Figure 4). The combined amount of 
variation in 1,8-cineole that can be explained by unlinked SNPs (p 
<0.001) is 38.7% and 21.2% of the variation of total oil can be explained 
using these criteria. Should half these turn out to be false positives, this 
set of SNPs is still likely to explain a significant and economically 
important amount of variation of oil yield. However, the fact that none of 
the SNP passed multiple hypothesis testing raises a number of other 
issues and complicates how the data presented can be utilised by 
industry, which will be discussed in detail below.  
 
The two most likely reasons that all associations failed multiple 
hypotheses testing are due to problems adjusting for genetic structure 
and chemical structure (or a combination of both) within the study 
population. Genetic structure was taken into account during the 
association analysis, using a kinship matrix. Adjusting for genetic 
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structure in association studies is a vital part of achieving confidence 
that the SNPs identified are real, given that population/genetic structure 
can often lead to spurious correlations and false positive (Cardon et al. 
2003, Clayton et al. 2005, Zhao et al. 2007). However, in structured 
samples, doing so can have its drawbacks. While not accounting for 
structure can lead to false positive, adjusting for genetic structure can 
itself lead to increased false negative rates if causative alleles are 
themselves structured (Bergelson and Roux 2010), robbing studies of 
the power to identify real associations, something that has been 
demonstrated in Arabidopsis (Zhao et al. 2007) and Sorghum (Morris et 
al. 2013). In the case of E. loxophleba subspecies complex, there is 
some genetic differentiation between the mallee and tree forms (Hines 
and Byrne 2001). Chloroplast DNA also showed two distinct clades, a 
Northern and Southern clade within the sub-species complex (Byrne and 
Hines 2004), suggesting the two lineages have been separated for 
700,000 years (Byrne and Hines 2004). There were differences in the 
levels of diversity seen between the two clades, with the Southern clade 
exhibiting low levels of diversity and little divergence among haplotypes 
and the Northern clade exhibited high levels of diversity and a number of 
haplotypes with a greater level of divergence, suggesting that different 
evolutionary processes may be at play in the two lineages (Byrne and 
Hines 2004). It is possible that the divergence between the two lineages 
could have lead to structuring of causative alleles for variation in terpene 
traits within the subspecies complex. In cases where this pattern has 
been demonstrated (Zhao et al. 2007, Morris et al. 2013), using a 
 179 
general linear model can sometimes help identify real associations, 
however it come at the cost of type I error and a greater false positive 
rates (Zhao et al. 2007, Huang et al. 2010, Zhao et al. 2011, Morris et al. 
2013). In this case we chose not to use a GLM given that either way, 
genetic structure (either through an increased Type I (GLM) or Type II 
(MLM) error) means that it is impossible to distinguish real and false 
positive within our results. Added to this, the study did not include 
enough samples to split the population into the two clades so that two 
separate analyses could be run in the two lineages, while still 
maintaining the statistical power to identify SNP/trait associations.  
 
Another potentially confounding factor is the presence of chemical 
structure within the study population. As we have shown previously this 
sort of chemotypic variation in Myrtaceae is controlled by either 
presence or absence of terpene synthase genes in the genome or 
transcriptional regulation of terpene synthases, both of which occurs at 
phase 3 of terpene biosynthesis (Keszei 2008, 2010, Chapter 1). It has 
previously been shown that there are two chemical phenotypes 
(Chemotypes) in E. loxophleba (Grayling and Brooker 1996). The oil 
profile of Chemotype A trees is dominated by 1,8-cineole, with α-pinene 
being the second most common component. Chemotype B individuals 
on the other hand have essential oil composed predominantly of α-
pinene, with moderate quantities of α-phellandrene, β-phellandrene and 
ρ-cymene and only low levels of 1,8-cineole. To avoid this “chemical 
structure” confounding our association analysis, Chemotype B 
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individuals were excluded. However, despite this exclusion it appears 
that significant amounts of chemical structure may still exist. As shown 
in Figure 2B, even when the low 1,8-cineole Chemotype B individuals 
are excluded, 1,8-cineole is still not normal distributed. This suggests 
that despite our best attempts to remove chemical structure from the 
study sample, it still exists, potentially confounding our results. This is 
especially so for associations with individual terpenes i.e. 1,8-cineole. 
While it is likely that total oil yield is constrained by the availability of 
precursors from Phase 2 of terpenes biosynthesis (Chapter 1), this is not 
the case for individual terpenes, where the expression of TPS is likely to 
be a major factor (Keszei et al. 2010, Keszei et al. unpublished).  
 
The potential confounding effects of both genetic and chemical structure 
in this study raise a number of important issues that need to be 
accounted for in future work. The most important insight is the need for 
more careful design of association study or genomic selection trial 
plantings in the future. Primarily future trials plantings should be carefully 
designed to accommodate the need for large sample size and to limit 
the effects of both genetic and chemical structure as much as is 
possible.  
 
The uncertainty around the associations presented here means they are 
best thought of as a tentative first step towards unraveling how oil yield 
is controlled in E. loxophleba and best used as a guide for future work in 
the species. What the best “next step” for the industry is depends on the 
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goals of the breeding programme. It is likely that the best way forward 
for the industry is moving towards genomic selection, which has a 
number of advantages over both traditional phenotypic selection as well 
as other molecular assisted breeding methods (Kainer et al. 2015 in 
revision). The main reason for this is that genomic selection utilises all 
available genetic variation to calculate breeding values, which are first 
developed in a training population, before being used to guide selection 
within the breeding programme (Kainer et al. 2015 in revision), avoiding 
the need to validate individual SNP/trait associations. Added to this, 
genomic breeding values by default measure and take into account 
relatedness when calculating breeding scores, meaning the problems 
caused by the genetic structure in this study are unlikely to be an issue 
(Zhong et al. 2009, Heffner et al. 2011, Ly et al. 2013). If genomic 
selection is pursued, the markers identified in this study could prove to 
be useful for improving the accuracy of predictions through new 
weighted estimation methods (Tiezzi and Maltecca 2014, Zhang et al. 
2014, Zhao et al. 2014).  
 
Together with the results presented in Chapter 3 and 5, the results 
presented here highlight the promise (and some of the pitfalls) of 
molecular breeding techniques in Myrtaceae based essential oil crops. 
What these results make clear is that it is relatively cost effective for 
industry to capture a significant proportion of the genetic variation that 
underlies oil yield, something that bodes well for the future of crop 
improvement in these industries. Unlike more mature industries, the oil 
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mallee industry has the luxury of using the results of studies such as 
this, to efficiently plan their breeding programme, to maximise gains 
from any breeding effort, not just in the present, but also into the future. 
The combination of a new crop and modern molecular genetics, allows 
for the industry to do things past breeding programs could have only 
dreamed of. For the industry the results presented here mean that a 
thought out and structured plan can be formulated to maximise gains 
across multiple time frames. This is a huge plus for the industry, both in 
the short and long term and is an opportunity that shouldn’t be wasted. 
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Chapter 5 
“Validation of previously identified SNPs 
associated with economically important terpene 
traits in improved Melaleuca alternifolia” 
 
Abstract  
Melaleuca alternifolia forms the basis of the tea tree oil industry. A 
breeding programme has been in place in the industry since 1991, which 
has improved oil yields within the species. In an effort to further improve 
the performance of the breeding programme the industry has been 
looking towards various molecular breeding techniques.  
 
In Chapter 3 we identified a number of associations between single 
nucleotide polymorphisms and economically important terpene traits. To 
assess whether these SNPs may be useful as molecular markers within 
the breeding programme, in this study our aim was to validate those 
SNPs within the breeding programme genetic stock. We confidently 
validated one SNP (mcs1139/1213), which explains 7% of variation in oil 
yield within third generation improved tea tree and is likely to be a useful 
molecular marker within the breeding programme. We also managed to 
more cautiously validate a number of other SNPs, which may also be of 
use to the industry.  
 
By successfully validating these SNPs this work lays the groundwork for 
the adoption of molecular breeding techniques within the tea tree oil 
industry. Adopting these techniques is likely to improve the performance 
of the breeding programme and assist in maintaining the long-term 
health and profitability of the industry. 
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Introduction 
 
Traits of interest to tree breeders are generally quantitative traits, 
controlled by many different alleles of small effect. Better understanding 
the genetics of those traits and the genes and alleles that underlie them 
is increasingly becoming an important part of tree breeding programmes 
around the world (Kainer et al. in revision). With the sustained decrease 
in the costs of sequencing over the last decade, molecular breeding 
techniques are becoming an increasingly accessible tool for improving 
crop yields, even in small-scale crops such as Melaleuca alternifolia.  
 
Melaleuca alternifolia forms the basis of the tea tree oil industry. A 
breeding programme in the species commenced in 1992 (Doran et al. 
2006). The breeding programme based on phenotypic selection has 
been successful, improving oil yields by 90% per hectare (Doran et al. 
2006). One of the biggest difficulties domesticating tree-based products 
is the long generation times involved. For the tea tree oil industry, getting 
seed to market has proved to be a time-consuming process. For 
example, third generation improved seed was only released to industry 
in 2007, fifteen years after the breeding programme commenced (Baker 
et al. 2010). These long lag times mean that gains in oil yield per cycle 
and reductions in cycle times will be beneficial to the industry. Getting 
improved seed on farms faster is the key to maximizing the gains made 
by the breeding programme. For these reasons, over the last five years 
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the tea tree industry is considering incorporating molecular techniques 
into the existing breeding programme.  
 
Tea tree is the first of the Australian essential oil crops to access 
molecular breeding techniques. The successes of these techniques in 
other breeding programmes (Kumar et al. 2012, Resende et al. 2012, 
Zhao et al. 2012) suggest that doing so it likely to help the industry 
improve oil yields and profitability in the long term.  
 
To facilitate these aims an association study was conducted in M. 
alternifolia, which identified a number of QTLs that have an effect on oil 
yield and which may be useful in the breeding programme (Chapter 3). 
However, before these markers are used, it is important to validate the 
QTLs in independent populations to ensure that they will be useful within 
the breeding programme. This is necessary because failure to validate 
positive associations has been an ongoing problem in the field of 
quantitative genetics (Hirschorn 2002, Chancock et al. 2007).  
 
There is still debate about why so few associations can be validated in 
independent populations. Factors such as poor experimental design, low 
sample numbers, type I errors and bias have undoubtedly played a role 
(Chancock et al. 2007). Equally, the complexity of the genetic 
architecture that underlies quantitative traits, including the effects of 
epistasis and genetic background (Cordell 2002, Culverhouse et al. 
 192 
2002, Thornton-Wells et al. 2004) must also contribute. Confirming the 
effect of associations would give us confidence that the SNPs identified 
in Chapter 3 do have an effect on oil yield in tea tree.  
 
The second reason that validation is important is the “jackpot” effect, 
which is the consistent upward bias of effect size in most QTL and 
association studies (Beavis 1994). This was part of the reason that early 
attempts at molecular breeding consistently over-estimated the gains 
that would be made by incorporating selected markers (Luby and Shaw 
2001, Hospital 2009). This means that validation will provide a better 
idea of the effect size of the SNPs identified in Chapter 3, allowing for 
potential gains to the breeding programme to be more accurately 
predicted. Lastly, it is important to know the frequency in which the 
SNPs identified in Chapter 3 occur within the tea tree breeding 
programme population, to assess the potential effectiveness of any 
markers. For example, it could be that the alleles identified in Chapter 3 
already occur at a high allele frequency within the existing genetic stock, 
thus reducing their usefulness for selection. 
 
Australian Myrtaceous essential oil crops exhibit high levels of chemical 
diversity. This means that in many species, only a narrow range of 
genetic material yields commercially valuable oil (Butcher et al. 1994, 
Hassan 2007). For example, in M. alternifolia there are six distinct 
chemical profiles (Chemotypes) found within the leaves yet only one of 
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these Chemotypes (Chemotype 1) is commercially valuable, meaning 
that a large proportion of variation in oil yield has not been accessible to 
the breeding programme. This is of interest to the tea tree industry 
because there is some evidence that the two Chemotypes high in 1,8-
cineole produce greater total oil yields than the commercial terpinen-4-ol 
Chemotype (Chemotype 1) (Hassan 2007). With the advances made in 
our understanding of the genetics that underlie variation in oil profile in 
the last decade (Kezsei et al. 2010), it is now possible to track genetic 
markers that underlie variation in oil profile. This should make it realistic 
at some point to incorporate high-yielding individuals and/ or alleles of 
large effect from non-commercial material into the breeding programme 
genetic stock to boost yield, without significantly affecting the oil profile.  
 
Before this can happen though, yield markers within the non-commercial 
Chemotypes need to be identified and a better understanding of how oil 
yield is controlled developed. For example, are yields higher in those 
Chemotypes due to the same alleles identified in Chapter 3 being 
present at higher frequencies or are these Chemotypes a potential 
source of new genetic variants?  
 
The aim of this study was to address both these questions (i) validate 
the SNPs identified in Chapter 3 with a view to developing markers to be 
used by the tea tree breeding programme and (ii) to identify alleles 
associated with oil yield in the higher yielding non-commercial 
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Chemotypes and assess the feasibility of using stock from non-
commercial Chemotypes to boost yields within the breeding programme 
at some point in the future.  
 
Methods 
 
Populations and plant material 
The first population of Melaleuca alternifolia studied was established by 
the NSW Department of Primary Industry at Wagga Wagga NSW 
(35°02'59.4"; 147°20'02.7"0 (WW sampling)). The planting consists of 
240 families of third generation seed from the tea tree breeding 
programme (Table 1) all of the terpinen-4-ol Chemotype (Chemotype 1). 
For this study we collected leaf from 272 individuals, one from each of 
the 240 families and an extra individual from 32 of those families.  
 
We made a second collection of leaf from 151 individuals from seven 
wild M. alternifolia populations (Flaggy Creek, Chaffin Swamp, Dilkoon 
Creek, Casino Racecourse, Bald Rock National Park, Cannon Creek 
and Fletchers Road (Table 1) spanning the geographic range of M. 
alternifolia (GT sampling). In both cases, 2-3 g of leaf was collected onto 
a bed of solid CO2 pellets for DNA extraction and 0.5 g of leaf collected 
into ethanol containing 0.25 g.l-1 of tridecane for subsequent terpene 
analysis. Leaf samples were stored at -80°C until DNA extractions were 
performed.  
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Site Latitude (S) Longitude (E) 
Flaggy Creek 28°45'18.0" 151°48'59.7" 
Chaffin Swamp 29°39'25.9" 153°07'23.9" 
Dilkon Creek 29°29'44.7" 152°59'00.8" 
Casino Racecourse 28°53'06.9" 153°03'02.5" 
Bald Rock National Park 28°49'51.1" 151°56'07.8" 
Cannon Creek 28°34'57.2" 151°51'56.7" 
Fletchers Road 28°45'18.0" 151°48'59.7" 
Wagga Wagga 35°02'59.4" 147°20'02.7" 
 
Table 1: Coordinates of the seven populations that make up the GT 
sampling as well as the coordinates for the Wagga Wagga site (WW 
sampling). 
 
Quantification of foliar terpenes 
Terpenes were extracted from each leaf sample using HPLC grade 
ethanol containing an internal standard of tetradecane according to the 
method described by Southwell and Russell (2002). Gas 
chromatography was carried out on an Agilent 5890 GC using an Alltech 
AT-35 (35% phenyl, 65% dimethylpolyoxylane) column (Alltech, 
Wilmington, DE). The column was 60 m long with an internal diameter of 
0.25 mm with a stationary phase film thickness of 0.25 μm with helium 
as the carrier gas. The ethanol extract was filtered and 1 μl was injected 
at 250°C at a 1:25 split ratio. The temperature program was as follows: 
100°C for 5 min, ramping to 200°C at 20°C·min-1 followed by a ramp to 
250°C at 5°C·min-1, and held at 250°C for 4 min. The total elution time 
was 25 min. Peaks were identified by comparisons of mass spectra to 
reference spectra in the National Institute of Standards and Technology 
library (Agilent Technologies, Deerfield, IL) (Stein et al. 2002) and major 
peaks verified by reference to authentic standards. Peaks were aligned 
and scored using the Chemstation (Agilent Technologies, Deerfield, IL). 
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A subset of 40 individuals was manually quantified to ensure that the 
automated peak scoring was correct. The resultant data was analysed 
for distributions and correlations using statistical software package 
Prism 6 (GraphPad software, Jolla, CA). Terpinen-4-ol is derived from 
spontaneous re-arrangements of cis- and trans-sabinene hydrate as well 
as sabinene. For this reason, we summed the concentrations of these 
separate monoterpenes and this combined trait was used to represent 
terpinen-4-ol concentrations in all analyses. Hereafter referred to as 
terpinen-4-ol +. 
 
DNA extraction 
Genomic DNA (gDNA) was isolated from M. alternifolia using a Qiagen 
DNeasy 96 Plant kit (Qiagen Australia, Doncaster, Vic, Australia). The 
gDNA concentration of each individual sample was measured using a 
Qubit fluorometer (Life Technologies Australia, Mulgrave, Vic, Australia) 
and diluted to 10 ng.μl-1.  
 
Tagging and library preparation 
One microgram (µg) of genomic DNA (gDNA) from each sample was 
shredded using the Bioruptor® Standard system with sample 
temperature at 4ºC (Diagenode, Denville NJ). Thirty cycles of maximum 
power for 30 s, with 30 s off between cycles was used to shred the 
samples, so that the average fragment length was ~500 bp. The 
shredded gDNA was then cleaned using two volumes of magnetic beads 
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(Sera-Mag beads) (Fisher Scientific, PA). Ten microlitres of each sample 
was then transferred to four separate plates, with 95 samples and one 
positive control per plate. The samples were then blunted and 5ʼ-
phosphorylated using the NEB Quick Blunting™ Kit (Genesearch, 
Arundel, Australia). Ninety-six, P5-P7 barcodes (Rohland and Reich 
2010) were then prepared and ligated to the samples in each plate using 
the NEB Quick Ligation™ Kit (Genesearch, Arundel, Australia). This was 
followed by a Nick Fill using Bst polymerase (Genesearch, Arundel, 
Australia). Each of these steps was done as per the 95-sample workflow 
in Rohland and Reich (2010). Once tagging was completed, the positive 
controls were run on a gel to make sure that the barcodes had been 
successfully ligated to the samples. Once it was confirmed that the 
barcoding was successful, 6 cycles of preHYB PCR amplification was 
carried out in each sample as per Rohland and Reich (2010). Each plate 
was then pooled, using 10 μl of each sample, to create four separate 
library pools (Plate 1, 2, 3, 4). The pooled libraries were then cleaned 
using a Qiagen Mini Elute Kit (Qiagen Australia, Doncaster, Vic, 
Australia) to achieve the required concentrations of DNA for the 
hybridization step.  
 
Hybridisation 
Using the primers developed in Chapter 3, we amplified 10 structural 
genes (dxs1, dxs2, dxr, hdr, hds, ippi1, ippi2, mct, mcs and gpps) using 
PCR in eight M. alternifolia individuals chosen at random from the WW 
 198 
and GT sampling. The PCR products were then run on a gel and the 
bands excised and cleaned using the Qiagen Mini Elute Kit (Qiagen 
Australia, Doncaster, Vic, Australia). The cleaned PCR products for each 
gene from each of the eight individuals were then pooled and quantified 
using a Qubit fluorometer (Life Technologies Australia, Mulgrave, Vic, 
Australia). These fragments were sonicated using the Bioruptor® 
Standard system with sample temperature at 4ºC (Diagenode, Denville 
NJ). Five cycles at maximum power for 30 s with 30 s off between cycles 
was used, so that the average fragment length was ~500 bp. The 
shredded PCR products from the 10 genes were then pooled in 
equimolar ratios to form the baits used to capture the target DNA during 
the hybridization. These baits were cleaned again using a Qiagen Mini 
Elute Kit (Qiagen Australia, Doncaster, Vic, Australia) so that the 
required DNA concentration could be achieved. The baits were then 
blunted using the NEB Quick Blunting™ kit (Genesearch, Arundel, 
Australia) and Bio-T/B adaptors ligated to them using the NEB Quick 
Ligation™ Kit (Genesearch, Arundel, Australia). The baits were then 
added to the Dynabeads® M-270 Strepdavidin Beads (Life 
Technologies, Sydney, Australia) and prepared for the hybridization as 
per Maricic et al (2010) protocol.  
 
Four separate hybridization reactions were then set up, one for each 
pooled barcoded library. The hybridization was carried out in accordance 
with protocol of Maricic et al (2010), incorporating modifications of 
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Peñalba (2014). These modifications included only using 12.8 μl of the 
pooled barcoded libraries, so that 5 μl human Cot-1 DNA (Life 
Technologies, Sydney, Australia) could be added to the hybridization 
reaction and secondly using a three-step hybridization lasting 72 h. As 
per Peñalba (2014) the hybridization was repeated exactly using the 
product from the first hybridization to further enrich the target sequences 
in the libraries.  
 
Once the hybridizations were complete, the DNA concentrations in the 
hybridised libraries were quantified using qPCR as per Meyer and 
Kircher (2010) to determine the number of indexing reactions needed. 
Fifteen cycles of indexing PCR were then carried out on each library 
pool using the indexing primers in Meyer and Kircher (2010). This was 
done to add a unique index to each library so they could be pooled 
together, as well as to amplify the target DNA in each of the libraries. 
After the indexing PCR, each library was quantified using a Qubit 
flourometer (Life Technologies Australia, Mulgrave, Vic, Australia) and 
the four libraries pooled in equimolar ratios, ready for sequencing.  
 
The libraries were sequenced at the Biomolecular Research Facility 
(BRF) at the Australian National University on the Illumina MiSeq2000 
platform using 2 x 150 base pair paired-end read sequencing. The 
MiSeq Control Software was used for base-calling and separation of the 
four external barcodes. The quality of the reads was analysed and reads 
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that fell below a quality score of 30 were removed. Sequences were first 
separated according to the four indexing tags by BRF. A Biopython 
script was then used to separate the reads according to their barcodes. 
The reads for each individual were imported into CLC Genomics 
Workbench (CLC bio, Aarhus, Denmark) and a de-novo assembly was 
made to create new reference sequences for the current samples. The 
new reference sequences were then aligned against the reference 
sequences reported in Chapter 3 using BioEdit v7.2.5 (Ibis Biosciences, 
CA) so that the position of the SNPs identified in Chapter 3 could be 
identified in the new reference sequences. This explains the difference 
in reference position between identical SNPs that are described later in 
this chapter.  
 
SNP detection and analysis 
CLC Genomics Workbench software (CLC bio, Denmark) was used to 
detect single nucleotide polymorphisms (SNPs) within each individual. 
Average sequencing depth was 135 reads at each nucleotide site and 
individual. A single nucleotide polymorphism (SNP) discovery window of 
7 base pairs was used, centering around a central base quality score of 
30 with surrounding base quality scores of 20 or more. Sites with 
homozygous differences and heterozygous site were extracted. A 
heterozygous site was qualified as having two alleles with read 
frequencies between 30 and 70%, while homozygous sites had a single 
different allele with a frequency of 70% or more. 
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SNP data were uploaded into TASSEL (v4.0) (Bradbury et al. 2007) and 
association analysis was performed using both the mixed linear model 
(MLM) and general linear model (GLM) as implemented in TASSEL 
(v4.0) (Bradbury et al. 2007). Input data files for both analyses include 
the phenotype data file, the genotype data and a kinship family matrix.  
 
The phenotype data file varied depending on the samples being used. In 
the WW sampling, nine traits were used (total terpene concentrations, 
1,8-cineole concentration, terpinen-4-ol+ concentration, monoterpene 
concentration, sesquiterpene concentration, the percent of 1,8-cineole, 
the percent of terpinen-4-ol+, the percent of monoterpenes and the 
percent of sesquiterpenes). Due to chemotypic variation, only total 
terpene concentration, monoterpene concentration, sesquiterpene 
concentration, the percentage of monoterpenes and the percentage of 
sesquiterpenes were used as traits for the GT samplings and when both 
samplings were being used so that chemical structure in the data was 
reduced.  
 
The kinship family matrix was created in TASSEL with the family 
structure inferred from SNP data using common variants with a minor 
allele frequency (MAF) of > 0.05. Three separate kinship matrixes were 
used, one only using SNPs from the WW sampling, one only using 
SNPs from the GT sampling and one using the SNPs from the two 
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samplings.  
 
We ran five separate mixed linear models (MLM) models and one 
general linear model (GLM). The first MLM was run using just the WW 
sampling and just the SNPs identified in Chapter 3 that had a p<0.01. 
Some regions containing SNPs from the first study did not sequence 
(hdr2_30, idi12334) and could not be included. This left us with 64 
separate SNPs included in this analysis. A GLM (using the same kinship 
matrix to adjust for family structure) was also run using this data. This 
was done because selection within the breeding programme, may lead 
to causative alleles being structured within the population. Structuring of 
causative alleles can cause an increased false negative rate (Type II 
error) due to the adjustments made for kinship in MLM (Zhao et al. 
2007). GLMs were not used in the other populations due to the 
increased risk of Type I error (Chancock et al. 2007, Zhao et al. 2007). 
Both of these analyses were run to validate the SNPs identified in 
Chapter 3. The other MLMs run were the SNPs identified in Chapter 3 
(p<0.01) in the GT sampling, all SNPs identified with a MAF>0.05 in all 
individuals (both the GT and WW samplings combined), as well as all 
SNPs identified (MAF>0.05) in each of these populations individually. 
Multiple hypothesis testing was done using q-values. The q-values were 
generated using Bioconductors qvalue package (Dabney and Storey 
2015) in the statistical program R (R core team 2013).  
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Results 
 
Quantitative and qualitative analysis of essential oils 
In the WW sampling, total foliar terpene concentrations were between 
27.5-161.5 mg.g DM-1, terpinen-4-ol + concentrations between 7.5 -77.4 
mg.g DM-1 and 1,8-cineole concentrations between trace amounts and 
29.6 mg.g DM-1. In the GT sampling total terpene concentrations were 
between 3.1 - 211.8 mg.g DM-1, terpinen-4-ol + concentrations between 
trace amounts and 68.6 mg.g DM-1 and 1,8-cineole between 0.7 - 128.7 
mg.g DM-1. Across all samples, total terpene concentrations were 
between 3.1- 211.8 mg.g DM-1 (Figure 1a), monoterpene concentrations 
between 2.9 and 194.2 mg.g DM-1 and sesquiterpene concentrations 
between 0.13 - 52.2 mg.g DM-1. There was a 70-fold variation in total 
terpene concentrations across all samples. This range was influenced 
significantly by individual GT151 from the Fletchers Road population, 
which was by far the lowest yielding individual, with total terpene 
concentrations almost 10 fold lower than any other individual. 
Interestingly the highest yielding individual (GT141) was also from the 
Fletchers Road population. 
 
Both within samplings and across all individuals, total terpene 
concentrations were normally distributed (Figure 1a, e), as were 
monoterpenes (Figure 1b) and sesquiterpenes (data not shown). The 
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major terpene within each Chemotype was also normally distributed 
within the Chemotype (e.g. terpinen-4-ol + in Chemotype 1, Figure 1f) 
and strongly correlated with total terpene concentrations in the 
Chemotype (Figure 1g). Monoterpene concentrations were strongly 
correlated with total terpene concentrations across all individuals (Figure 
1c), within samplings and within Chemotypes (Figure 1h). Sesquiterpene 
concentrations were not strongly correlated with total terpene 
concentrations either within samplings or across all samples (Figure 1d).  
 
Chemotypic variation is well known from within M. alternifolia and the 
populations chosen for the GT sampling were known to include all 
Chemotypes (Hassan 2007). Of particular interest for this study is 
Chemotype 5, which is dominated by 1,8-cineole and has been shown to 
have higher yields of terpenes than all other Chemotypes, including the 
commercially valuable Chemotype 1. In this study, the median total 
terpene concentration in Chemotype 5 (all from the GT sampling) was 
87.7 mg.g DM-1, with a mean concentration of 93.6 mg.g DM-1 and a 
standard error of mean (SEM) of ± 4.3. In improved Chemotype 1 (WW 
sampling) the median total terpene concentration was 70.2 mg.g DM-1, 
with a mean concentration of 72.3 mg.g DM-1, SEM ± 1.2. The difference 
between unimproved Chemotype 5 and improved Chemotype 1 was 
statistically significant with the unimproved Chemotype 5 having 
substantially higher total terpene concentrations on average (Figure 2). 
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Figure 1: All concentrations mg.g DM-1 a) distribution of total terpene 
concentration across all samples, b) distribution of monoterpene 
concentrations across all samples c) correlation between monoterpenes 
and total terpene concentrations across all samples, d) correlations 
between total terpene concentrations and sesquiterpene concentrations 
across all samples e) total terpene concentrations in WW, f) terpinen-4-
ol + concentrations in WW, g) correlation between terpinen-4-ol + and 
total terpene concentrations in WW, h) correlations between 
monoterpene concentration and total terpene concentration in WW. 
 206 
 
 
 
Figure 2: Mean difference in oil yield between improved Chemotype 1 
(WW sampling) and unimproved Chemotype 5, p=<0.0001 and between 
the 10 highest yielding individuals from each Chemotype, p=0.0017. 
 
DNA Sequence data  
Of the sequence gathered from the MiSeq run, 24% of the reads could 
be separated by barcode and mapped to the 10 structural genes 
included in the study. Given that the samples were enriched from gDNA, 
this is a high level of enrichment for the target regions within the 
samples. As in Chapter 3, three new ippi constructs were also identified 
and included in the downstream analysis. In all, we obtained usable 
DNA sequence coverage to score the vast majority of SNPs from 227 of 
the 230 WW individuals included and from 147 of the 150 GT 
individuals. Average sequence depths at each position in each gene and 
individual are shown in Table 2. Average sequence depth per position in 
each gene varied between 15 to 181 reads per position and from 
between 86 and 181 reads per position for the primary genes of interest 
(Table 2). This gives us confidence that SNPs could be reliably scored in 
all the individuals included for downstream analysis.  
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In total we identified 840 SNPs with a minor allele frequency (MAF) 
>0.05. This was significantly more than in chapter 3 where we only 
identified 208 SNPs with an MAF of >0.05. This difference can be 
explained by the fact this study, unlike the Chapter 3 study, included 
populations from across the entire range of M. alternifolia and all 
Chemotypes found within the species and we would thus expect to 
detect more allelic variation. Linkage disequilibrium decayed quickly as 
expected reaching an R2 of <0.3 within 50 bp in the majority of allele 
pairs.  
 
 All Plate 1 Plate 2 Plate 3 Plate 4 
dxr 151 367 84 316 120 
dxs1 141 318 77 302 109 
dxs2 118 269 66 249 90 
gpps 131 315 75 263 112 
hdr 86 183 50 177 66 
hds 142 334 83 288 113 
ippi1_2 181 389 101 374 148 
ippi1 119 252 64 255 92 
ippi2 152 354 85 321 117 
ippi2_2 62 152 34 131 48 
mcs 167 386 95 353 126 
mct 171 412 99 341 143 
ippi1_3 15 23 8 32 13 
Table 2: Average coverage per position across all samples and across 
the four separate hybridization libraries.  
 208 
Genetic associations 
One of the two aims of this study was to validate the SNPs identified in 
Chapter 3 within the tea tree breeding programme. Within the WW 
sampling, one SNP, mcs1139/1213 passed multiple hypothesis testing 
and can be confidently validated (in both the MLM and GLM models 
used). In Chapter 3 this SNP was associated with four terpene traits: 
total terpene, total terpinen-4-ol +, monoterpene and sesquiterpene 
concentrations. In this study, it was associated with total terpene, 
terpinen-4-ol + and monoterpene concentrations, remaining significant 
after multiple hypotheses testing in all three cases (Table 3).  
 
The failure to validate the association between mcs1139/1213 and 
sesquiterpene concentrations could be due to the decreased correlation 
between sesquiterpenes and total terpene concentrations observed in 
this study (both within the WW population and across all samples). This 
SNP has three alleles, CC, CT and TT, with CT and TT variants yielding 
higher concentrations of all three terpene traits it is associated with in 
both this study and the Chapter 3 study (Figure 3). Within the Chapter 3 
study, the CC allele occurred at a frequency of 0.13, the CT at 0.44 and 
the TT at 0.42. Within the WW sampling the CC allele occurred at a 
frequency of 0.42, the CT at 0.53 and the TT at 0.04 (Table 4).  
 
Within the GT sampling, allele frequencies of mcs1139/1213 varied 
between populations and Chemotypes, with the Dilkoon Creek 
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populations having the highest frequency of the TT allele (0.17) whereas 
in the Flaggy Creek population, the TT allele was absent (Table 4). The 
Flaggy Creek population is made up of mainly Chemotype 5 individuals. 
Allele frequencies in the different populations and Chemotypes are 
showing in Table 4.  
 
No other SNPs identified in the Chapter 3 study could be validated within 
the WW population after multiple hypothesis testing using the MLM (the 
same model used in Chapter 3). Using a GLM, associations in six more 
SNPs passed multiple hypothesis testing at a q<0.05, increasing to eight 
at a q<0.1 (Table 7). Table 5 shows which of the SNPs/trait associations 
in the Chapter 3 study could be validated in the WW sampling using the 
GLM. Table 6 shows the SNP/trait associations in the Chapter 3 study 
that could be validated using the MLM in this study at a p<0.05 without 
adjusting for multiple hypothesis testing (the list of marker trait 
associations from the MLM p<0.05 is shown in Table 7). In both these 
cases, the SNP/trait associations are not always the same as in the 
Chapter 3 study, with only 30% of SNP/trait associations being validated 
using the GLM (with adjustments multiple hypothesis testing) and 19% 
using the MLM without adjusting for multiple hypothesis testing.  
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Trait MLM1 p, q MLM1 R2 MLM2 p, q MLM2 R2 
Terpinen-4-ol + <0.001, <0.001 0.059 <0.001, 0.03 0.060 
Total terpenes <0.001, <0.001 0.090 <0.001, 0.03 0.070 
Monoterpenes <0.001, <0.001 0.083 <0.001, 0.03 0.071 
Sesquiterpenes <0.001, <0.001 0.076 NA NA 
Table 3: The estimated effect sizes and corresponding p and q values of 
the associations between mcs1139/1213 and terpene traits in the 
Chapter 3 study (MLM1) and this study (MLM2).  
 
 
  CC CT TT 
Chapter 3 study 0.13 0.44 0.42 
WW sampling 0.42 0.53 0.04 
GT sampling 0.46 0.46 0.08 
Bald Rock 0.44 0.50 0.06 
Cannon Creek 0.53 0.37 0.11 
Casino Racecourse 0.20 0.70 0.10 
Chaffin Swamp 0.45 0.50 0.05 
Dilkoon Creek 0.42 0.42 0.17 
Flaggy Creek 0.57 0.43 0.00 
Fletchers Road 0.50 0.36 0.14 
Chemoptype 1 0.28 0.55 0.10 
Chemotype 2 0.40 0.40 0.20 
Chemotype 3 0.46 0.46 0.00 
Chemotype 4 0.40 0.52 0.08 
Chemotype 5 0.53 0.40 0.07 
Chemotype 6 0.53 0.35 0.06 
Table 4: Allele frequencies of the three mcs1139/1213 alleles in the 
Chapter 3 study, the WW sampling, the GT sampling, in each of the 
separate populations sampled for the GT sampling and in the six 
Chemotypes present in the GT sampling 
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Figure 3: Box plots showing the association of mcs1139/1213 with 
terpinen-4-ol+ concentration in the original association (left) and this 
association (right). 
 
 
  To
ta
l te
rp
en
es
 
Te
rp
ine
n-
4-
ol 
+ 
Te
rp
ine
n-
4-
ol 
+ 
%
 
M
on
ot
er
pe
ne
s 
M
on
ot
er
pe
ne
s %
 
Se
sq
uit
er
pe
ne
s 
Se
sq
uit
er
pe
ne
s %
 
1,
8-
Ci
ne
ole
 
1,
8-
Ci
ne
ole
 %
 
dxs2_553/569 2       1,2   2 1   
dxs1_544/686 2 2   2 1 1       
ippi2_1052/823 2 2   2         1 
mcs_1139/1213 1,2 1,2   1,2   1       
dxr_1101/1300         2 2 1,2     
dxs1_1216/1312 2 2   2 1         
dxs1_1461/1557 1             1,2 1,2 
dxs1_811/953  2     1 1       
dxs1_956/1052 2 2     1 1       
Table 5: Significant associations after multiple hypothesis testing in the 
original MLM from Chapter 3 (1) and the GLM in this study, q value <0.1 
(2). In total 30% of the SNP/trait associations identified in 1 were also 
identified in 2 (17% if mcs1139/1213 is excluded). 
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dxs2_553/569     1           1 
dxs1_544/686         1 1       
ippi2_1052/823 2 2   2       2 1 
mcs_1139/1213 1,2 1,2   1,2 1         
dxr_1101/1300           1 1     
dxs1_1216/1312             1     
dxs1_1461/1557 1   1           1 
gpps_587/663   2         1 1,2   
mct_794/627 1 1 2 1     1 2 2 
ippi1_1520/1111     2         1 2 
gpps_560/636     2         1 2 
ippi2_1055/826     1         1 1 
mct_434/267     2         1 2 
dxs1_1275/1371     1         2 1 
dxs1_427/569 1   2     1 1     
ippi2_441/210     2 1           
gpps_64/140     2         1 2 
mct_886/719       2   2 1,2     
Table 6: Significant association from the original MLM in Chapter 3 (1) 
and from the MLM in this study with a p value cut of <0.05 and no 
adjustments for multiple hypothesis testing. In total 19% of the SNP/trait 
associations identified in 1 were also identified in 2 (7.7% is 
mcs1139/1213 excluded).  
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Three more MLMs were also run. Of these, both the MLM using the GT 
sampling and the SNPs identified in Chapter 3 (data not shown) and the 
MLM using all SNPs in the WW sampling failed to identify any 
associations that passed multiple hypothesis testing (Table 8). The MLM 
using all SNPs in the GT sampling had one SNP pass multiple 
hypothesis testing at a q<0.05 and one SNP associated with two traits 
pass at a q<0.1 (Table 8), however both were due to a single high 
concentration individual having the minor allele and are unlikely to be 
real associations. The MLM using all samples (both GT and WW 
samplings) found one association that passed multiple hypothesis 
testing (Table 7), but again a single high yielding individual with the 
minor allele is likely to be the cause, meaning that it too is unlikely to be 
a real association.  
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Model Trait Marker F p value q value Marker R2 
MLM Monoterpenes mcs_1213 8.08 <0.001 0.032 0.07 
MLM Total terpenes mcs_1213 7.91 <0.001 0.032 0.07 
MLM Terpinen-4-ol + mcs_1213 7.73 0.001 0.032 0.07 
MLM Terpinen-4-ol + ippi2_823 6.85 0.001 0.054 0.06 
MLM Terpinen-4-ol + % gpps_663 7.34 0.007 0.242 0.03 
MLM Monoterpenes ippi2_823 4.31 0.015 0.405 0.04 
MLM 1,8-cineole % mct_627 5.04 0.026 0.499 0.02 
MLM 1,8-cineole % ippi1_1111 4.71 0.031 0.499 0.02 
MLM Terpinen-4-ol % ippi2_823 3.51 0.032 0.499 0.03 
MLM Total terpenes ippi2_823 3.34 0.037 0.499 0.03 
MLM 1,8-cineole % gpps_636 4.34 0.038 0.499 0.02 
MLM 1,8-ineole gpps_636 4.08 0.045 0.499 0.02 
MLM  Terpinen-4-ol + % ippi2_826 3.11 0.047 0.499 0.03 
MLM Cineole mct_627 3.98 0.047 0.499 0.02 
MLM Cineole % mct_267 3.91 0.049 0.499 0.02 
GLM Terpinen-4-ol + ippi2_823 9.79 <0.001 0.027 0.08 
GLM Monoterpenes mcs_1213 9.12 <0.001 0.027 0.08 
GLM Total terpenes mcs_1213 8.75 <0.001 0.027 0.07 
GLM Terpinen-4-ol + mcs_1213 8.67 <0.001 0.027 0.07 
GLM Sesquiterpenes % dxr_1300 7.64 0.001 0.045 0.06 
GLM Monoterpenes % dxr_1300 7.64 0.001 0.045 0.06 
GLM Cineole dxs1_1557 7.32 0.001 0.045 0.07 
GLM Cineole % dxs1_1557 7.26 0.001 0.045 0.06 
GLM Monoterpenes % dxs2_569 7.08 0.001 0.045 0.06 
GLM Sesquiterpenes % dxs2_569 7.08 0.001 0.045 0.06 
GLM Terpinen-4-ol + dxs1_686 10.92 0.001 0.045 0.05 
GLM Total terpenes dxs1_686 10.68 0.001 0.047 0.05 
GLM Terpinen-4-ol + dxs1_1312 10.42 0.001 0.050 0.04 
GLM Sesquiterpenes dxr_1300 6.64 0.002 0.051 0.06 
Table 7: List of the best marker trait pairs (both MLM and GLM models) 
in the WW sampling the MLM and GLM using the SNPs identified in 
Chapter 3 
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Association Trait Marker F P value Q value 
marker 
R2 
GT, all SNPs Sesquiterpenes mct_757 18.59 <0.001 0.038 0.13 
GT, all SNPs Total terpenes ippi2_477 9.88 <0.001 0.088 0.14 
GT, all SNPs Monoterpenes ippi2_477 9.67 <0.001 0.088 0.13 
GT, all SNPs Total terpenes ippi1_3_11 13.08 <0.001 0.263 0.09 
GT, all SNPs Total terpenes ippi1_2_15 12.25 <0.001 0.339 0.08 
GT, all SNPs Monoterpenes ippi1_2_15 11.89 <0.001 0.353 0.08 
GT, all SNPs Total terpenes ippi1_2_16 11.48 <0.001 0.383 0.08 
All, all SNPs Sesquiterpenes ippi1_326 11.85 <0.001 0.043 0.06 
All, all SNPs Monoterpenes % dxr_1300 8.40 <0.001 0.353 0.05 
All, all SNPs Sesquiterpenes % dxr_1300 8.40 <0.001 0.353 0.05 
All, all SNPs Sesquiterpenes % dxs2_569 7.73 <0.001 0.353 0.04 
All, all SNPs Monoterpenes % dxs2_569 7.73 <0.001 0.353 0.04 
All, all SNPs Sesquiterpenes % ippi1_326 7.59 <0.001 0.353 0.04 
All, all SNPs Monoterpenes % ippi1_326 7.59 <0.001 0.353 0.04 
All, all SNPs Sesquiterpenes % dxs1_791 11.43 <0.001 0.373 0.03 
All, all SNPs Monoterpenes % dxs1_791 11.43 <0.001 0.373 0.03 
WW, all SNPs Sesquiterpenes idi1_326 10.11 <0.001 0.287 0.09 
WW, all SNPs Sesquiterpenes mct_341 16.13 <0.001 0.287 0.07 
WW, all SNPs Monoterpenes mct_483 15.11 <0.001 0.314 0.07 
WW, all SNPs Total terpenes mct_484 12.87 <0.001 0.502 0.06 
WW, all SNPs Monoterpenes mcs_1213 8.08 <0.001 0.502 0.07 
WW, all SNPs Total terpenes mcs_1213 7.91 <0.001 0.502 0.07 
WW, all SNPs Sesquiterpenes hdr_21 12.31 <0.001 0.502 0.05 
WW, all SNPs Terpinen-4-ol + mcs_1213 7.73 <0.001 0.502 0.07 
WW, all SNPs Total terpenes mct_483 11.98 <0.001 0.508 0.05 
WW, all SNPs Monoterpenes % mct_341 11.17 <0.001 0.602 0.05 
Table 8: List of the best marker trait pairs and association statistics for 
three MLM models looking at all SNPs (MAF >0.05) in the GT sampling, 
the WW and across all individuals included in the study. 
 216 
 
Discussion 
 
An ongoing problem with association mapping in both human, plant and 
animal studies has been validating significant associations in 
independent populations. Only a fraction of SNPs identified in 
association studies have been reliably validated in follow-up studies 
(Hirschhorn et al. 2003, Chancock et al. 2007, Pearson et al. 2008, 
Manolino et al. 2009, Ingvarsson and Street 2011). The low validation 
rate for most positive associations, means that validation is a vital step 
in confirming that previous associations will be useful in independent 
populations, as well for developing more realistic estimates of effect 
size, which are generally over-estimated in the original studies due to 
the “jackpot” effect (Beavis 1994). There are a number of reasons why 
the validation rate in association studies might be so low, including poor 
experimental design (in both the original or follow up studies), failure to 
validate environmental conditions, small sample sizes and gene x gene 
interactions (Chancock et al. 2007, Pearson et al. 2008, Greene et al. 
2009, Manolino et al. 2009, Ingvarsson and Street 2011). Thus, 
successful validation of association studies provide important 
independent verification that positive associations have a consistent 
effect in a wide range of genotypes and can act as an important 
safeguard against over-estimating the effect or importance of previously 
identified associations. This is especially important when the 
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associations identified are likely to be used within breeding programmes, 
either as diagnostic markers or to guide the future research directions for 
crop improvement, where false positives or over-estimations of effect 
sizes are likely to inflict real costs on industry.  
 
In this study, we aimed to validate the associations presented in Chapter 
3. In Chapter 3 we identified a number of SNPs that were associated 
with a range of terpene traits. Some of these appeared to be good 
candidates for future use as markers in the tea tree breeding 
programme, either through molecular assisted breeding or through 
implementation of weighted genomic selection methods (Tiezzi and 
Maltecca 2014, Zhang et al. 2014, Zhao et al. 2014). Of these we have 
confidently validated one SNP, mcs1139/1213, which is associated with 
three related economically important traits of tea tree oil (total, terpinen-
4-ol + and monoterpene concentrations) in both the studies reported in 
this Chapter and in Chapter 3. In mcs1139/1213, the high yielding allele 
(TT) was far more common in the original study population, than it was 
in any of the populations used in this study, including the improved WW 
population. The Chapter 3 study used a trial site of plantings from 14 
Chemotype 1 populations within the Clarence River catchment as well 
as one population from Port Macquarie. The highest TT allele frequency 
observed in the study was at Dilkoon Creek (GT sampling), which is also 
in the Clarence river catchment. The improved WW population had the 
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second lowest TT allele frequency, with and the allele was not detected 
in the southern-most population at Flaggy Creek.  
 
In general, there was no clear geographic pattern to the occurrence of 
the TT allele, with both Northern (Fletchers Road (0.14), Bald Rock 
National Park (0.06)) and Clarence River (Dilkoon Creek (0.17), Chaffin 
Swamp (0.05)) populations exhibiting both high and low TT allele 
frequencies. The results from the Chapter 3 study do suggest that there 
must be some Clarence river populations with a very high frequency of 
the TT allele. The frequency of the TT allele also varied across 
Chemotypes, and it was not detected in the intermediate 1,8-cineole, 
terpinen-4-ol +, terpinolene Chemotype and was found at an allele 
frequency of 0.2 in the high terpinolene Chemotype 2. This variation in 
TT allele frequencies between Chemotypes and populations is likely to 
be the reason that mcs1139/1213 was not associated with any traits 
within this sampling, specifically, the non-existence of the TT allele in the 
Flaggy Creek population, which is primarily made up of the high yielding 
Chemotype 5 trees.  
 
Why this SNP occurs at a lower frequency in breeding programme (WW 
sampling) compared to wild unimproved populations is unknown. It could 
simply be that the breeding programme was unlucky when they first 
selected the individuals to be included in the plantations. Alternatively, 
the TT allele may carry costs, potentially affecting growth, survival or 
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other economically important traits, which are being selected against. 
Life history trade offs such as this are not uncommon in plants (Roff 
2007). For example under common garden conditions, Arabidopsis 
plants resistant to the pathogen Pseudomonas syringae suffer a 9% 
decrease in seed set when compared to susceptible plants that lack the 
coding region at the RPM1 locus which infers resistance (Tian et al. 
2003). To determine whether the TT allele really does carry with it trade 
off or whether the low frequency within the breeding population is purely 
due to chance, more work is needed into the effects of the SNP and any 
potential costs associated with it. Nonetheless, the validation of this SNP 
is a major achievement. Given the large effect size (9% in the first study 
and 7% in this study) and low occurrence of the high yielding allele 
within the breeding programme genetic stock it is a highly promising 
marker for future use within the tea tree breeding programme.  
 
Using the MLM model, no other SNPs passed multiple hypothesis 
testing. However, using a GLM, twelve other SNP/trait associations 
could be validated. Generally, MLMs are preferred over GLMs given 
their greater power to adjust for genetic structure (Zhang et al. 2010), 
which is widely known to lead to false positive and spurious associations 
(Atwell et al. 2010, Huang et al. 2010, Zhao et al. 2011). However, it has 
been noted that in some populations where there is non-random 
breeding, causative alleles themselves can be structured, which can 
lead false negatives due to the adjustment made for genetic structure 
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used in MLM (Zhao et al. 2007, Bergelson and Roux 2010, Morris et al. 
2013). For example, in flavanoid pigmentation in Sorghum the known 
loss of function allele tan1-a at the Tannin1 (Wu et al. 2012) locus was 
identified when using a naïve GLM, but was not identified using a CMLM 
model, which adjusted for structure (Morris et al. 2013).  
 
This leads to a trade off between the benefits to be gained from 
adjusting for structure and having the power to detect structured 
causative alleles (Zhao et al. 2007, Bergelson and Roux 2010, Morris et 
al. 2013). This can be countered, by using a combination of both linkage 
mapping and association mapping, which does a far better job of dealing 
with both sorts of confounding structure than either GLM or MLM alone 
(Brachi et al. 2010).  
 
It is possible that within the WW sampling, that selection for high yield 
trees has lead to the non-random occurrence of causative alleles within 
the population and that adjustments for genetic structure implemented 
through the MLM might be leading to false-negatives. This conclusion is 
supported by the better concordance between the Chapter 3 study and 
the GLM used in this study, which appears to be far better than the MLM 
at identifying Chapter 3 SNP/trait associations in the WW population 
after adjusting for multiple hypothesis testing. This was not seen in 
GLMs run using the other populations/SNP sets used in this study, 
which failed to identify any reliable associations that passed multiple 
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hypothesis testing in any of the datasets (data not shown), lending some 
weight to the hypothesis that causative SNPs may be structured within 
the WW population.  
 
Of the SNP/trait associations validated in the GLM most are between 
traits that are not of primary economic significance e.g. dxs1 1461/1557 
is associated with both 1,8-cineole concentrations and the percentage of 
1,8-cineole in the oil in both the original study, as well as in the MLM 
(p<0.05) with no multiple hypothesis adjustment. However, they may 
prove useful to the industry at some later date.  
 
The interpretation of the results for SNPs associated with different traits 
between the Chapter 3 and MLM and GLM models used in this study is 
complicated because many terpene traits within M. alternifolia are 
themselves strongly correlated. The strong correlation between oil traits 
means that it is not possible to ignore the possibility that these SNPs 
may indeed have a real effect on phenotype in both studies, despite the 
fact the SNP/trait associations are between different traits.  
 
It has previously been hypothesized that gene x gene may be one of the 
causes behind the low validation rate of association studies, with 
simulations showing that the power to detect an allele of main effect can 
drop from 80-20% when the frequency of an interacting minor allele is 
dropped by as little as 0.07 (Greene et al. 2009). The potential for GxG 
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interactions to change the traits associated with the same SNPs 
between studies has also been noted (Cordell 2002, Culverhouse et al. 
2002, Thornton-Wells et al. 2004). Gene x environment interactions can 
have similar effects. For example, in Arabidopsis, only two of 25 
candidate genes for flowering time identified in common garden 
experiments had been previously identified in plants grown in a 
glasshouse (Brachi et al. 2010).  
 
The genetic architecture of terpene biosynthesis makes it plausible that 
G x G interactions may be behind some of the changes in the traits 
associated with certain SNPs between the two studies. Genes in Phase 
2 of terpene synthesis, including mct, mcs, dxs or dxr, are thought to be 
responsible for variation in flux through the MEP pathway and the 
availability of precursors for downstream terpene synthesis (terpene 
yield) but they are not responsible for final terpene products produced by 
the plant (Introduction, Chapter 1). The exact terpenes (e.g. terpinen-4-
ol or 1,8-cineole) and classes of terpenes (mono or sesquiterpenes) that 
are synthesized are determined by the action of downstream genes in 
Phase 3 of terpene synthesis (Introduction, Chapter 1). For example, 
ippi is thought to play a role in allocating precursors to sesqui- or 
monoterpene synthesis (Phillips et al. 2007, Chapter 1) and terpene 
synthase genes (tps) are then responsible for determining the exact 
terpenes products produced (Keszei et al. 2010, Padovan et al. 2013, 
Keszei et al unpublished, Chapter 1).  
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The structuring between the different phases of terpene synthesis could 
lead to SNPs in the MEP pathway exerting similar effects on precursor 
availability (Phase 2) in different populations, which in turn could lead to 
that SNP affecting different terpene traits (Phase 3) within the two 
populations, dependent on the genetic background (G x G) or the 
environment (G x E) the SNP happens to be in. Differential expression of 
tps genes in different tissue and in response to various biotic and abiotic 
stimuli is widely known (Fäldt et al. 2003, Tholl 2006, Chen et al. 2011), 
as is differential expression of MEP pathway genes such as dxs and dxr 
in response to biotic and abiotic stimuli (Phillips et al. 2007) as well as 
constitutively between individuals (Chapter 2). This differential 
expression of terpene synthesis genes and the interactions between the 
phases of terpene synthesis in different genotypes or environments 
could plausible change the trait a SNP is associated with in different 
populations.  
 
Further work elucidating G x G and G x E interactions between different 
phases of terpene synthesis in different populations and environments 
may shed light on how the SNPs validated here are affecting different 
phenotypes in different populations. Broadly, the complex architecture 
underlying terpene traits means it is not possible to dismiss these 
validations, and they may have real effects on different phenotypes in 
the different populations. For the industry, many of these SNPs may be 
 224 
useful markers within the breeding programme given that a number of 
them are associated with economically important traits. For example, 
ippi2_823, the validated SNP mcs1213 and dxs1_686 together explain 
19% of variation in terpinen-4-ol + content.  
 
The other models run in this study (MLMs with all SNPs identified in both 
the WW and GT samplings and across both samplings as well as the 
Chapter 3 SNPs within the GT sampling) failed to produce any strong 
associations. While three of SNPs passed multiple hypothesis testing, 
these were all due to a minor allele occurring in an individual with high or 
very high concentrations of terpenes, meaning no strong support for the 
associations exists at this stage. This failure is not hugely surprising 
given that the small sample sizes of both the GT and WW samplings 
meant that the detectable effect sizes were substantial (Goddard and 
Hayes 2009, Spencer et al. 2009) and that the chances of successfully 
identifying associations were significantly reduced. Added to this the GT 
sampling was from wild plants growing in vastly different environments, 
meaning that G x E interactions were potentially confounding (Bergelson 
and Roux 2010, Brachi et al. 2010). However, an equivalent common 
garden that includes all Chemotypes no longer exists but it is clear that 
this would be highly useful. Given the success of the associations in 
Chapter 3 it is likely that follow up work using larger sample sizes to 
increase statistical power and focusing on trees grown in common 
garden experiments would be successful.  
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The other aim of this study was to ask whether the tea tree oil industry 
could potentially utilise genetic material from non-commercial material to 
boost oil yield within the commercial Chemotype 1. This is only a 
possibility due to previous work that has uncovered a number of terpene 
synthase genes that are likely to control the chemotypic variation within 
the species (Keszei et al. 2010, Keszei et al. unpublished). This work 
means that it should soon be possible to develop markers for the genes 
underlying qualitative variation (Chemotype) in terpene traits, making 
introgression of oil yield genes from non-commercial Chemotypes a 
distinct possibility. Introgression and backcrossing has long been a 
proven method of crop improvement (Anderson 1949). Incorporating wild 
genetic variants into improved populations can successful increase yield 
(Zamir et al. 2004) or confer resistance to disease (Multu et al. 2005). 
The drawback of introgression is that most alleles within wild populations 
will have a negative effect on the trait of interest. The use of markers has 
helped guide introgression so that gains within the improved population 
can be quickly recovered when desirable traits are incorporated from 
outside the breeding programme (Zamir et al. 2004). For example, with 
the assistance markers for resistance, resistance to common bean blight 
(Xanthomonas campestris pv. phaseoli) was successfully introgressed 
into common bean (Phaseolus vulgaris L.) and within four generations 
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yield was fully restored (Mutlu et al. 2005). A similar approach may be 
possible in tea tree.  
 
Before this study, some work had suggested that the high 1,8-cineole 
Chemotype 5 produced significantly higher concentrations of terpenes 
than the commercial Chemotype 1 (Hassan 2007). In this study we have 
confirmed this finding, clearly showing that the high 1,8-cineole 
Chemotype produces significantly more terpenes than even third 
generation improved seed from tea the tea tree breeding population 
focused entirely on Chemotype 1 (terpinen-4-ol +). Our failure to identify 
SNPs significantly correlated with total terpene concentrations in 
Chemotype 5 is likely due to our small sample sizes and potential G x E 
interactions due to the use of wild populations, which may be obscuring 
real associations. However, the terpene concentration results alone 
suggest that this line of inquiry may be a profitable one for the tea tree 
industry given that on average, unimproved Chemotype 5 individuals 
produce 23% more oil than third generation improved Chemotype 1 
trees. Given what we know about terpene biosynthesis, it is unlikely that 
the different terpene synthase genes determining chemotypic 
differences between trees lie behind this large difference in oil yield seen 
between Chemotypes (Keszei et al 2010; Keszei et al unpublished) and 
yield is most likely controlled in Phase 2 of terpene biosynthesis 
(Introduction, Chapter 1). This means that the variation underlying the 
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increased terpene concentrations in Chemotype 5 should be accessible 
to the industry at some point in the future.  
 
The potential gains in oil yield through exploiting this variation are likely 
to be substantial. However, before this becomes a reality, markers for 
the terpene synthase genes that determine Chemotype must be 
developed. To make introgression of oil yield genetics into the breeding 
as fast as efficient as possible, identifying oil yield markers within 
Chemotype 5 should also be a priority. Lastly, even if the industry 
chooses not to take this route immediately, this work highlights the 
importance of preserving wild stands of tea tree as an asset that can be 
utilised within the breeding programme at a later date. While a lot more 
work needs to be done, this is a very promising avenue of enquiry for the 
industry, one that can potentially vastly increase oil yields. 
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Discussion 
Developing an understanding of the genetics that underlie economically 
important traits is an important step towards improving the efficiency of 
plant breeding programmes. This is especially true for tree-based crops 
such as Melaleuca alternifolia and Eucalyptus loxophleba, which have 
long generation times that make improvement a long and time-
consuming process. A knowledge of the genes, processes and genetic 
variants that underlie variation in economically important traits will allow 
tree breeders to speed up this process. In terms of tree-based crops, 
one of the biggest advantages will be facilitating faster cycle times 
through early screening before the mature phenotype has developed. 
On top of this, molecular breeding techniques promise more targeted 
selection and fine-scale control across the breeding process, as well as 
opening up avenues to crop improvement that until recently were not 
available to industry. With the growing threat of climate change, the 
ever-present threats of disease and growing international competition, 
breeding programmes are going to have to be faster, more efficient, 
more adaptable and more targeted to ensure the health of tree based 
industries and to maintain the competitive advantages Australian 
industry currently holds. The use of genetic tools such as association 
genetics ands genomic selection, as well as an improved understanding 
of the functional genetics that underlie economically important traits will 
be vital in facilitating these aims.  
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This thesis has added significantly to what we know about how the yield 
of terpenoid essential oils is controlled in both M. alternifolia and E. 
loxophleba. While the importance of gene expression in determining flux 
through the MEP pathway in other species has been known for a long 
time, mainly through transgenic studies (e.g. Wildung and Croteau 
2005), the work in Chapter 2, showed that the same is true in wild 
populations of M. alternifolia. Unlike the transgenic studies which have 
generally only upregulated one or two genes (Wildung and Croteau 
2005, Carretto-Paulet 2006, Muñoz-Bertomeu et al. 2006, Lange et al. 
2011) the results of Chapter 2 show that the expression of genes across 
the entire MEP pathway are important in determining constitutive 
variation in yield between individuals. The patterns of expression seen in 
M. alternifolia between trees are similar to the patterns seen upon 
exposure to light and other stimuli in other plants (Carretero-Paulet et al. 
2002, Hans et al. 2004, Guevara-García et al. 2005, Hsieh and 
Goodman 2005, Kim et al. 2005, Phillips et al. 2007, Hsieh et al. 2008). 
The coordinated regulation of MEP pathway transcripts in M. alternifolia 
and upon exposure to stimuli in other species, raises the possibility that 
the genes in the MEP pathway are controlled by one or more as yet 
unknown master regulatory factors that control these common 
responses.  
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More broadly, the control of flux through the MEP pathway is complex, 
with numerous different processes being implicated in regulating flux 
through the pathway (Chapter 1, 2, 5). Given the number of stimuli that 
induce terpene biosynthesis and flux through the pathway and the 
complex ecological interactions that terpenes mediate, it is not surprising 
that there are many levels of control. To date, a number of processes 
have been identified that play a role in controlling flux through the MEP 
pathway, including retrograde chloroplast to nuclear signaling (Jarvis 
2003, Pogson et al. 2008) and post transcriptional regulation of 
transcripts (Guevara-García et al. 2005). Identifying the transcription 
factor or factors that play a role in regulating flux through the MEP 
pathway is an important next step. Identifying these transcription factors 
would give the tea tree industry an unprecedented understanding of the 
processes that control variation in oil yield. Padovan et al (2013) raised 
the possibility in mosaic Eucalyptus, where different branches of the 
same tree display vastly different terpene profiles, that a global 
regulatory element may contribute to determining not only terpene 
biosynthesis, but also the synthesis of other secondary metabolite 
pathways within the plant.  
 
The biggest advantage Australian essential oil industries have over low-
labour cost competitors is ready available access to standing genetic 
variation in economically important traits (as discussed in Chapter 5). 
This advantage is multiplied many times over through an understanding 
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of the pathways, genes and process that lead to that variation, which in 
turn makes the specific advantages Australian industry has over its 
competitors far more accessible. This standing genetic variation 
provides a reservoir of useful traits that the industry can incorporate into 
existing breeding populations in response to specific challenges such as 
the incursion of new pathogens or broader threats such as global climate 
change. Improving efficiency of oil production will help the breeding 
programme achieve better gains. Improving the understanding of the 
genes, alleles and processes that underlie variation will give the industry 
an unparalleled understanding of how the value of their crop is created 
and maintained. Below I will discuss some of the options that this work 
opens up to industry that will allow them to tap into these natural 
advantages. 
 
There are two distinct options for improving the efficiency of the breeding 
programme that come from the work in this thesis, both of which derive 
from the results of the two association studies described in Chapters 3 
and 4 and the validation study described in Chapter 5. The first is using 
the markers identified in the association studies to implement marker-
assisted breeding. The second is to utilise a form of genomic selection. 
New weighting methods (Tiezzi and Maltecca 2014, Zhang et al. 2014, 
Zhao et al. 2014) developed to take into account known QTLs for traits 
of interest mean the loci identified in these chapters can be used to 
improve the predictive power and accuracy of genomic breeding values. 
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Both methods have merit in the two study species, M. alternifolia and E. 
loxophleba, examined in this thesis.  
 
In the past, the use of marker assisted breeding in newly developed crop 
species has been seen as too costly and not providing a good return on 
investment relative to existing methods such as phenotypic selection 
(Byrne 2005). There were several reasons for this, including (i) the cost 
of DNA sequencing was far to high to make marker-assisted breeding 
(MAS) a viable, cost-effective option, (ii) there were a low number of 
available markers (originally, restriction fragment length polymorphisms 
(RFLP) and later, random-amplified polymorphic DNAs (RAPD) and 
simple sequence repeats (SSR, otherwise known as microsatellites) 
were used (Young 1999)) (iii) the high amount of genetic variability in 
recently domesticated crops meant traditional phenotypic selection was 
effective, limiting the perceived benefit of molecular approaches (Holland 
2004, Hospital 2009). It is clear from the results of the existing tea tree 
breeding programme that substantial gains are available through this 
approach (Doran et al. 2006). Together, these constraints meant that 
early attempts at molecular breeding often resulted in high costs per unit 
gain when compared to traditional phenotypic selection. Some of these 
limitations no longer apply. Recently, advances in sequencing 
technologies with a concomitant reduction in costs have been the major 
change that can make the use of MAS possible (Bernardo 2008). 
However, there are still significant costs involved. These are the costs 
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associated with establish and maintaining trials, phenotyping large 
numbers of individuals, planning, organising and staffing breeding 
programmes over the significant lengths of time needed to breed tree 
crops. It is also likely that phenotyping costs are likely to grow as 
breeding programmes attempt to select for more complex and lower 
heritability traits (Grattapaglia 2014). For example, scoring traits such as 
biomass, drought or re-sprouting vigour is likely to be significantly more 
difficult and more costly than scoring simpler traits such as essential oil 
yield. These fixed costs associated with running breeding programmes 
need to be taken into account when deciding on the best breeding 
approaches, taking into account the pros and cons of the different 
techniques, as well any specific constraints that may be faced (e.g. 
available funding, time).  
 
There are several options for industry to utilise the work presented here 
within breeding programmes. The first and simplest approach is small-
scale MAS combining phenotype and genotype data, using a handful of 
the “best” markers. This would be the cheapest option and there may be 
merit in using this method if is care is taken to avoid the pitfalls 
encountered by earlier studies that used these approaches (Luby and 
Shaw 2001, Hospital 2009). Most importantly it is essential that stringent 
cut-offs be acknowledged for the inclusion of QTLs (p<0.0001). 
Furthermore, it must be recognized that it is only practical to use a small 
number of markers. The “winners curse” (upward bias of estimated 
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effect sizes), seen in one validated SNP (mcs1139/1213) between 
Chapters 3 and 5, also means that predicted gains using this technique 
are unlikely to be as high as predicted (Beavis 1994) particularly if 
associations are not first validated within the breeding population. Those 
caveats aside, in M. alternifolia the relatively large effect size of SNPs 
such as mcs1139/1213 (7% in the Chapter 5 validation experiments) 
means that there is likely to be some merit to this approach. As 
discussed in Chapter 5, the use of MAS may be most appropriate when 
introgressing traits from outside the existing genetic stock of the 
breeding programme (Mutlu et al. 2005), e.g. oil yield traits from the high 
terpene Chemotoype 5. While we failed to identify any SNP/trait 
association in Chemotype 5 in this study, the successful identification 
and validation of QTLs for oil yield in Chapters 3 and 5 means that there 
is a high likelihood that future efforts to identify SNP/trait associations 
within that Chemotype would be successful. This would open up a new 
avenue for yield improvement for the industry. However, for the 
successful implementation of such an approach, a detailed 
understanding of the genes and alleles that control variation in oil yield 
as well as oil profile is imperative. Developing the skills to introgress new 
alleles into the breeding programme would likely have other benefits. In 
other crop species, the area where MAS assisted introgression is most 
commonly used is to introduce disease resistance into susceptible 
crops. For example, the technique has been used to successfully 
introduce resistance to various pests and diseases in a range of species 
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including, resistance to cassava mosaic disease in cassava (Manihot 
esculenta) (Okobenin et al. 2007), bacterial blight in the `Minghui 63' 
strain of rice (Chen et al. 2000, Sundaram et al. 2008) and Yellow dwarf 
virus in Barley (Hordeum vulgare) (Jefferies et al. 2003).  
 
Another option for improving the efficiency of the breeding programme is 
genomic selection (GS). When the work in this thesis started in 2010, 
the application of GS to tree-based crops was in its infancy. In the 
intervening time, interest in the approach and its application has 
expanded hugely. The plantations that were used for this work and the 
experiments that were conducted were not originally designed with GS in 
mind. Thus, the analysis of GEBVs described in Chapter 3 was relatively 
minor. Nonetheless, given the rising interest in GS, it is appropriate to 
discuss the application of the approach to improvement of essential oil 
crops alongside the use of markers identified from association genetics 
experiments. 
 
The GS approach selects trees based on genomic estimated breeding 
values (breeding scores calculated using the sum of the effects of all 
markers from across the genome/sequenced regions) rather than 
phenotypic values, giving it greater predictive accuracy than phenotypic 
selection (PS) (Heffner et al. 2011, Resende et al. 2012, Kainer et al. 
2015 in revision). In many ways it is similar to PS, in that little effort is 
made to understand the function of the genetic markers that are used 
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and there is no attempt to distinguish real markers from false positives. 
Instead it is assumed that the large numbers of markers used in a 
training population will explain a large proportion of real variation. 
Recently, estimation methods that weight previously identified QTLs 
have been developed, which have been able to further boost the 
predictive accuracy (Tiezzi and Maltecca 2014, Zhang et al. 2014, Zhao 
et al. 2014), meaning the work done in this thesis (Chapter 3, 4, 5) would 
likely improve the efficiency of future GS efforts in both M. alternifolia 
and E. loxophleba. GS is most effective when the population in which 
the markers are developed (training population) is as closely related to 
the breeding population as possible (Habier et al 2007, Hayes et al 
2009, Lorenz et al 2012, Wang et al. 2014). In the case of the tea tree oil 
industry, this would mean that to achieve the desired predictive 
accuracy, markers would need to be developed using the current, fourth 
generation breeding programme stock to be most effective.  
 
To implement a GS breeding strategy, first a training population is both 
phenotyped and genotyped and a model of breeding values is 
developed using all available markers. This model is then used to select 
the “best” trees in a separate breeding population. This provides a 
number of advantages over other breeding techniques: (i) there are no 
stringent cut offs for marker inclusion as there are in MAS based on 
association genetics meaning that all available markers are used to 
estimate breeding values (ii) due to this, more QTLs of small effect are 
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captured (iii) exact predictions of gains can be formulated and predicted 
and progress can be tracked accurately (iv) once the training population 
has been phenotyped there is no need to phenotype trees in the 
breeding population, meaning trees can be selected before they are 
expressing the mature phenotype. This is particularly relevant in tree-
based essential oil crops. 
 
The results of GS to date have been promising in a range of livestock 
and crop species including milk yield in dairy cows (Hayes et al. 2009), 
oil yield in oil palm (Wong and Bernardo 2008), yield in maize (Zhao et 
al. 2012) and wood traits in Eucalyptus (Resende et al. 2012). 
Nonetheless, for single cycles of selection, PS often outperforms GS (de 
Oliveira et al 2012, Massman et al. 2013). This is, however, of little 
concern given that consistent gains made over multiple cycles of 
selection are what tree breeders want most. In studies using more than 
one selection cycle, GS generally outperforms other forms of selection, 
including both PS and other molecular breeding techniques (Grattapaglia 
and Resende 2011, Kumar et al. 2012). This is largely because there is 
no need to wait for a mature phenotype before selection, so plants can 
be selected earlier and cycle times can be reduced. The reductions in 
cycle times can be significant, for example, in aApple, cycle times were 
reduced from seven to four years (Kumar et al 2012) and in oil palm, 
predicted cycle times should be reduced from 19 to 6 years (Wong and 
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Bernardo 2008). The reduction in cycle times is likely to be the single 
largest benefit of adopting these techniques in new and emerging crops. 
 
This is especially important in tree crops, which have long generation 
times. This is often compounded by the fact that it often takes time for 
mature phenotypes to develop. For example, in M. alternifolia, oils 
accumulate within the leaves as the tree matures, only reaching a 
plateau (presumably where synthesis and losses are roughly balanced) 
between 16 and 40 months of age (Russell and Southwell 2003) and in 
E. kochii it takes 3 years for cineole levels to plateau (Barton et al. 
1991). Thus, significant costs are incurred caring for trees before they 
can be reliably phenotyped and selected (or culled) once mature. At the 
moment, the cycle time for a round of selection is roughly three years in 
M. alternifolia and three to five years in E. polybractea (Doran et al. 
2006, Slee 2007, Baker 2010), a close relative of E. loxophleba.  
 
In both E. loxophleba and M. alternifolia, it is also possible that early 
flowering could be induced to further reduce cycle times. In Eucalyptus 
species, flowering can be induced chemically or by grafting young 
cuttings onto existing rootstock (Hasan and Reid 1995). In Melaleuca, 
attempts to induce flowering using paclobutrazol have not been 
successful (Doran et al 2002). However, grafting could be trialled and 
early flowering can also be induced by abiotic stressors (e.g. cold), 
which has been shown to reduce flowering time from 42 to 14 months 
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(Baskorowati et al. 2010). The tea tree breeding programme has already 
begun to take advantage of this to make new generations of improved 
seed available to industry faster than was previously possible. This may 
reduce the advantages that are to be gained by adopting GS within the 
species. However, given its success in other plants, it is likely that GS 
would still lead to even shorter cycle times and other savings across the 
breeding process (e.g. maintenance, phenotyping).  
 
The best approach for the industry is likely to be a mixture of the 
breeding methods discussed above, traditional phenotypic selection and 
continued research into genes, alleles and regulators that control 
variation in oil yield, given that each of these approaches is likely to add 
value to the industry over the long term. GS using weighted methods 
that take into account the QTLs identified in Chapters 3, 4 and 5 is likely 
to reduce cycle times and improve predictive accuracy within the 
breeding programme. However, it is also important that industry 
continues to look at other options for crop improvement. As illustrated in 
Chapter 5, it would be naïve for the industry to assume that genetic 
variation contained in the existing breeding programme will allow it meet 
all its future breeding objectives. Continued work into the best methods 
for introgressing desirable traits from genetic material outside the 
breeding programme will open up new avenues for crop improvement 
and make the industry far more resilient and adaptable in the long term, 
acting as insurance against risks such as yet unknown diseases or 
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stressors, which could potentially wipe out the breeding programme 
stock overnight. 
 
The discovery of myrtle rust in Australia in 2010 highlights the type of 
risk that the industry faces and although the losses have not been as 
bad as feared, it is likely that new strains of myrtle Rust and new 
pathogens will affect the industry in the future. There is some evidence 
of resistance to myrtle rust in existing commercial genotypes (Morin et 
al. 2012) but intriguingly, Bustos et al (in revision) found evidence that 
1,8-cineole Chemotypes of tea tree were more likely to contain 
individuals resistant to Myrtle rust. It remains unclear whether this is a 
chance event or whether the Chemotype itself has an effect because not 
all high 1,8-cineole individuals were resistant. Nonetheless, it does 
illustrate the point about the industryʼs over-reliance on a small subset of 
the existing genetic variation. 
 
There are similar concerns in relation to climate change. With climatic 
conditions predicted to change markedly in the next 30 years (Allen et al. 
2014), it may be that many of the areas where tea tree and oil mallees 
are currently grown become unsuitable for continued production. In 
Australia, tea tree is grown in subtropical areas of northern NSW within 
the natural range of the plant but also in the upland tropics of North 
Queensland. To adapt to those changes, the industry will have two 
options (i) move to new, more suitable areas, (ii) select for trees which 
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are better suited to changed climatic conditions. To achieve the second 
aim, once again, the genotypes necessary may not be contained in the 
current breeding programme stock.  
 
There is the potential to utilise the findings of this work to guide genetic 
modification (GM) of both M. alternifolia and E. loxophleba to boost yield 
and improve oil profile. Transforming plants to over-express or express 
multiple copies of MEP pathway genes has produced large gains in oil 
yield in other essential oil-producing species. For example, 
transgenically modified peppermint (Mentha X piperita L) lines that over 
expressed dxr showed a 40% increase in essential oil yield over wild 
type plants (Wildung and Croteau 2005). Later work increased these 
gains to 78% above wild type plants in elite transgenic lines (Lange et al. 
2011). Similarly, Lavender (Lavandula latifolia), transformed to 
constitutively express a copy of dxs from Arabidopsis saw oil yields 
improve by 101-390% in leaves and 12-74% in flowers (Muñoz-
Bertomeu et al. 2006). Given the results achieved in other essential oil 
crops and the strong correlation between gene expression and oil yield 
demonstrated in Chapter 1, it is likely, that if plants could be successfully 
genetically modified to over-express or express multiple copies of key 
MEP pathway genes that oil yield would increase. However, there are a 
number of hurdles to jump before this would be possible and number of 
drawbacks for the industry in doing so, including, (i) the lack of 
experience in transforming Melaleuca species, very little is known about 
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how easy reliably transforming the species is. Much more is known 
about transforming Eucalyptus species, which has been successfully 
achieved by various research groups across the world. However, 
compared to crops such as mint, transforming Eucalyptus is still in its 
infancy and there have been relatively few successful attempts to 
commercialise GM material (reviewed by Girijashankar 2011) (ii) a lack 
of knowledge about the potential effects and risks of transgene escape 
(iii) lack of knowledge about the stability of transgene constructs across 
generations and transgene expression in different tissues and ontogeny 
(iv) lack of knowledge about potential resistance to GMO products within 
essential oil markets, although resistance is highly likely, especially in 
Europe (Klingeman and Hall 2008) (v) it risks undermining the strong 
brand identity (pure, natural) that the Australian tea tree oil has fought so 
hard to develop, including the development of enantiomeric tests (Wang 
et al. 2015, Wong et al 2015) and standards to distinguish “pure” tea tree 
oil from adulterated competitors. Combined, these factors mean that the 
possibility of using genetic modification to boost yield in Myrtaceae 
would not only be technically difficult but would also carry very significant 
risks. The biggest of these would be that embracing GM technology 
would undermine the trust consumers have in Australian essential oil 
products and undo the years of work that have gone into distinguishing 
high quality Australian tea tree oil from its competitors.  
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Bringing all of what has been discussed together, the results discussed 
here open up a number of options to industry. These range from being 
able to implement proven breeding technologies, to more speculative 
options, to helping the industry insure the investment it has made 
improving its product from future unknown risks. Broadly, both the 
breeding and basic research sides of this work complement each other 
and will continue to do so well into the future, providing a significant 
return on investment.  
 
This culminates in the need for the industry to use the data generated 
here with a clearly thought out plan about the future of the industry and 
secured funding for the research and development necessary to 
incorporate GS and molecular breeding techniques into breeding 
programme. While the use of GS molecular breeding techniques is vital 
for the future health of Australian essential oil industries, to get the 
absolute most out of these technologies the industry needs a vision for 
the future and how it will improve its product, adapt to change and 
manage risks over the long term. It is vital that the right mix of research 
and GS/molecular breeding technologies is chosen. This must be 
backed by a solid business plan for the future of the breeding 
programme, with long term funding attached to ensure industry gets a 
significant return on its investment. Without a well thought-out plan and 
appropriate funding to see projects to conclusion, it may be that a more 
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circumspect course of action is the best way forward until funding can be 
secured.  
 
Whether the benefits of this work can be realized more widely depends 
on greater investment in genomics in Australia. As highlighted above, 
unless research into crop improvement is properly funded, there are 
significant risks to industry and the public that may see work like this go 
to waste. There seems to be a relatively low level of interest in 
understanding of the benefits that genomics brings to many Australian 
primary industries. This poses a significant risk for Australian industry, 
mainly that more forward thinking competitors that understand the utility 
and returns that investment in research brings, will overtake it. For 
example, the Eucalyptus genome (specifically Eucalyptus grandis) has 
been sequenced by a group in the United States, Brazil and South Africa 
with most funding coming from the US Department of Energy (Myburg et 
al 2014). It has been provided to Australia entirely free of charge, 
despite Australia making no contribution financially towards the work, 
(although data analysis by individual Australian scientists has been 
significant). The publishing of the genome, an exceptional resource, 
should be a boon for forestry research and crop improvement in 
Australia.  
 
Sadly, this is unlikely to happen. Outside of a few small industries like 
the tea tree oil industry and a few individuals, there appears to be little 
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awareness of the resource in Australia and little interest within private or 
public agencies in Australia to take advantage of this opportunity. The 
benefits that could flow from this are immense and range from insights 
into improving wood quality, improving responsiveness of forestry to 
climate change and enhancing conservation of rare native plant 
communities. The large degree of synergy between the genomes of 
Melaleuca and Eucalyptus means that much of the data on Eucalyptus 
can be used directly in M. alternifolia and other Myrtaceae-based crops. 
The direct benefits of genetic research for a small industry like tea tree 
oil, is apparent from the work described here. It is somewhat ironic that 
the tea tree industry (which is one of the smallest sectors relying on 
Myrtaceae) is now a leader in molecular breeding in Australia while the 
much larger forestry sector lags well behind! The impetus that the first 
tree genome, that of Populus, gave to bioenergy crops in the USA and 
Europe was immense but it appears that the benefits of the Eucalyptus 
genome will be captured mostly outside Australia, in particular by Brazil, 
Chile and South Africa. Due to the work done in this thesis, Australian 
essential oil crops may be the one exception but that relies on continued 
funding to follow this work through to completion. This is by no means 
assured given the vigor with which the current government is cutting 
funds for rural research.  
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